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Worldwide peatlands cover about 3% of the Earth’s land surface and it is estimated that 
they store about 610 Pg C. Some 50 million ha of peatlands have been drained and 
converted to another land-use. After drainage the aerobic peat starts to decompose 
emitting large amounts of CO2 and natural peatlands usually change from carbon (C) 
sinks to C sources. The main objective of this thesis was to develop country-specific 
peat C decomposition factors (RP) for afforested peatland. In order to achieve this, an 
experimental setup to partition soil respiration was established on a chronosequence of 
seven Sitka spruce (Picea sitchensis (Bong.) Carr.) and one lodgepole pine (Pinus 
contorta Dougl.) plantation on drained blanket peat. In addition, an experiment to assess 
the correct collar insertion depth for measuring total soil respiration (RTOT) was 
conducted in the same ecosystems. Finally, the suitability of the process-based ECOSSE 
model to simulate heterotrophic respiration (RH) in peatland forest was assessed. This 
study found that a shallow collar insertion depth of 1.5 cm would reduce the measured 
RTOT by 34 and 21% in a Sitka spruce and lodgepole pine plantations respectively. This 
study also found that autotrophic respiration represented on average 44% of RTOT. On 
the other hand, the contribution of RP and litter decomposition to RTOT were 35 and 
21%, respectively. The mean CO2-C emission from RP for this land-use change was 3.3 
± 0.2 t CO2-C ha-1 y-1. Finally, it was proved that with limited input data, the ECOSSE 
model was able to simulate the seasonal variation of RH in afforested peatlands. 
However, the relative constantly deviation between the ECOSSE-simulated RH and the 
site-specific RH suggests that further model adjustments and calibrations are needed in 
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Carbon dioxide (CO2) is the most important anthropogenic greenhouse gas (GHG) 
contributing to climate change (IPCC 2007). The atmospheric concentration of C has 
significantly increased from 317 ppm in 1958 to 405 ppm in December 2016 
(Dlugokencky and Tans 2017). Moreover, cumulative anthropogenic C emissions since 
the industrial era (1870–2015) are approximately 555 Pg C (Le Quéré et al. 2015). The 
main contributors to this CO2 increase are fossil fuel combustion, cement production 
and land use changes  (Hartmann et al. 2013). In addition, about 26% of total C emitted 
corresponds to land use change activities (Le Quéré et al. 2015). 
Soil is the largest terrestrial pool of organic C worldwide with 1,500–2,400 Pg C 
in the upper 100–200 cm of the soil (Batjes 2014). Of this, approximately 610 Pg C is 
stored in global peatlands and organic soils (Yu et al. 2010). Worldwide peatlands 
represent about 3% of the Earth’s land surface (Parish et al. 2008) and it is estimated 
that approximately 50 million ha of peatlands (around 11% of global peatlands) have 
been drained and converted to another land-use (i.e. peat extraction, agriculture or 
forestry) (IPCC 2007, Joosten 2010). In natural conditions, the anaerobic conditions of 
peatlands preserve accumulating organic matter from plant litter and thereby they act as 
C sinks (Yu et al. 2010). However, drainage lower the water table depth (WL) and 
thereafter, the aerobic peat starts to decompose emitting large amounts of CO2 (Silvola 
et al. 1996, Hargreaves et al. 2003, Parish et al. 2008).  
In accordance with the United Nations Framework Convention on Climate 
Change (UNFCCC 1992) and its Kyoto Protocol (UNFCCC 1997) GHG emissions due 
to land-use changes need to be monitored and reported annually by signatory countries. 
Accurate measurements and modelling of the impact of changes in land-use and climate 
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on soil CO2 emissions are necessary to inform and support land-use policies (UNFCCC 
1997, Smith et al. 2014). In organic soils, CO2 emissions/removals are reported using 
CO2-C emission factors (in t CO2-C ha-1 y-1; EFs) (IPCC 2003). The choice of specific 
EFs within the Tier 1 (i.e. default values to estimate net emissions) depends on land use 
categories and climate zones (IPCC 2014). Moving from Tier 1 to Tier 2 (i.e. regional-
specific EFs) and higher-Tier (e.g. process-based models ) GHG reporting systems is 
highly desirable when large areas are affected by land use changes (IPCC 2006, Wilson 
et al. 2015) such as drainage and afforestation of natural peatlands. Moreover, the same 
authors recommended that countries should develop strong Tier 2 values for different 
land use categories and climate regions. 
The current EF used for afforested peatland in the Ireland’s GHG National 
Inventory Report for the period 1990–2013 is 0.59 t CO2-C ha-1 y-1 (Duffy et al. 2015). 
This EF is much lower than Tier 1 default values (range between 2.0 and 3.3 t CO2-C 
ha-1 y-1) for temperate regions (IPCC 2014). Duffy et al. (2015) estimated this EF from 
Byrne and Farrell (2005) who reported that total soil respiration (RTOT) in afforested 
blanket peat in Ireland varies between 1 and 2.7 t CO2-C ha-1 y-1. However, these values 
cannot be considered EFs as the RTOT values reported included autotrophic respiration 
(RA) and heterotrophic respiration (RH), which includes decomposition of newly 
deposited organic matter (RL) and oxidation of older soil organic matter (RP) (Mäkiranta 
et al. 2008).  
The Intergovernmental Panel on Climate Change (IPCC) (2006, 2014) 
established that the development of EFs should be based only on C inputs from 
aboveground and belowground litter inputs (i.e. tree litterfall and root biomass) and C 
outputs based on measurements of RH associated with drainage. To date, no work has 
been conducted in temperate conditions to partition soil respiration and assess CO2-C 
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EFs from afforested peatland. Therefore, it is necessary to partition soil respiration in 
afforested peatland to quantify and simulate RH emissions and simultaneously gain an 
understanding of the controlling factors on soil respiration. This will allow land-use 
policy makers and Ireland’s GHG National Inventory Report to progress to Tier 2 and 
higher-Tier reporting systems.  
1.2. Aims and objectives 
This thesis investigates soil respiration in afforested peatland located in temperate cool 
wet regions. It consisted of a large field sampling campaign across seven Sitka spruce 
(Picea sitchensis (Bong.) Carr.) and one lodgepole pine (Pinus contorta Dougl.) 
plantations on drained blanket peat undertaken between March 2014 and February 2016. 
The study was divided into four research chapters, each with a specific aim and 
objectives: 
1. Does the insertion of shallow collar cause a greater underestimation of 
RTOT than a possible CO2 leakage from lateral diffusion of soil gas as a result of 
not using collars? (Chapter 3) 
i. To study the effect of collar insertion depth on RA and RTOT fluxes;  
ii. To study the relationship between CO2 reductions and the amount of 
severed fine roots and; 
iii. To study the effect of soil temperature and water table depth on soil 
respiration. 
2. To develop improved RP factors associated with drainage in coniferous 
forests in Ireland. (Chapter 4) 
i. To analyse the factors causing temporal and spatial variation in RP; 
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ii. To develop an empirical model for upscaling RP to regional and national 
level and; 
iii. To update national CO2-C emissions from afforested peatland in Ireland 
by applying improved RP factors. 
3. Partition soil respiration into its components fluxes. (Chapter 5) 
i. To analyse the factors causing temporal and spatial variation on soil 
respiration and its components fluxes; 
ii. To quantify the contribution of the soil respiration components to RTOT 
and; 
iii. To estimate annual CO2 emissions for each soil respiration component. 
4. Can the ECOSSE model accurately simulate RH emissions on afforested 
peatland? (Chapter 6) 
i. To simulate monthly RH emissions from seven afforested peatland sites 
in northwest European conditions; 
ii. To evaluate the suitability of the ECOSSE model to simulate RH by 
comparing ECOSSE-simulated outputs with site-specific-simulated 
values and; 
iii. To conduct sensitivity analyses to predict the effect of changing climate 
conditions on annual RH emissions and the ability of the model to 




1.3. Thesis structure 
The following thesis is structured in nine chapters and a list of references. Chapter 1 
represents the present introduction. The literature review addressing the main concepts 
involved in this thesis is presented in Chapter 2. Chapter 3 is a methodological study 
that assesses the suitability of shallow collars for measuring total soil respiration and 
their component fluxes in afforested peatland. Chapter 4 develops improved RP factors 
for afforested peatland in Ireland. Chapter 5 presents an analysis of the soil respiration 
components and their control factors in Northwest European conditions. Chapter 6 
investigates the suitability of the process-based model ECOSSE to simulate soil RH 
emissions in afforested peatland ecosystems. Chapter 7 discusses the main findings of 
the thesis. Final conclusions and recommendations for further research are presented in 
Chapter 8. The final chapter contains the reference list of all the bibliography used in 











2.1. Global carbon cycle and climate change 
2.1.1. Global carbon cycle  
Carbon is a key element for life as it is the main element of organic compounds. Most 
of the C on Earth is contained in carbonate minerals in the lithosphere and only a small 
fraction of the total C amount (approximately 0.2%) is available to life (Falkowski et al. 
2000, Innes and Tikina 2016). In addition to carbonate minerals, C can be presented as 
free CO2 in the atmosphere, as a dissolved organic/inorganic C in water, as organic 
compounds in organic matter and as hydrocarbon compounds (Innes and Tikina 2016). 
The global C cycle consists of a series of reservoirs of C within the different 
Earth systems, connected between each other through exchanges of C fluxes (Ciais et 
al. 2014). Depending on the C fluxes and the turnover rate, the global C can be divided 
into fast and slow domains. The fast domain is characterized by large C fluxes and 
“fast” turnovers. This includes the C present in the atmosphere, the oceans (including 
surface sediments), soil, living biomass and inland waters. The slow domain includes 
carbonate minerals and sediments (Ciais et al. 2014). Although C from the carbonate 
minerals is considered unimportant to the global C cycle over long time periods (greater 
than 106 years), changes in the sulphur and nitrogen (N) cycles may increase fluxes 
from this C reservoir and impact the C cycle over shorter periods of time (between 102 
to 105 years) within specific environments (Martin 2017). Carbon can be transferred 
from the slow to the fast domain through volcanic eruptions, erosion and mostly by the 
burning of fossil fuels (Ciais et al. 2014, Innes and Tikina 2016, Martin 2017). 
Within the fast domain, the oceans with approximately 38,700 Pg C are the 
largest C pool, followed by the terrestrial pool (including C in living biomass, litter, 
mineral, organic and permafrost soils) that varies between 3,450 and 5,400 Pg C and the 
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atmospheric pool which contains approximately 828 Pg C (Ciais et al. 2014). Terrestrial 
biomes remove 123 ± 8 Pg C y-1 from the atmosphere through photosynthesis (Beer et 
al. 2010). However, most of this C is released back into the atmosphere through 
respiration (plant and soil) and disturbances like fire and only around 4.3 Pg C y-1 is 
accumulated annually in the terrestrial sink (Ciais et al. 2014). The same authors also 
reported that around 1.7 Pg C y-1 is transferred from soils to inland water bodies. A 
fraction of this C is deposited in water sediments and another fraction is returned back 
into the atmosphere as freshwater outgassing. The remaining C is transported by river 
discharges to the oceans with an annual estimate of 0.9 Pg C y-1 (including dissolved 
inorganic/organic C and particulate organic C). 
In addition, atmospheric and oceanic CO2 are in continuous exchange and the net 
ocean flux (difference between ocean CO2 uptake and net ocean outgassing) has 
increased from 1.1 ± 0.5 Pg C y-1 for the 1960s to 2.9 ± 0.5 Pg C y-1 in 2014 (Le Quéré 
et al. 2015). The hydration of atmospheric CO2 at the surface of the oceans in cool 
latitudes leads to the formation of carbonic acid which then reacts with carbonates and 
water forming bicarbonate (Falkowski et al. 2000, Martin 2017). However, the buffer 
capacity of the oceans to uptake atmospheric CO2 is limited and depends on the supply 
of mineral cations through mineral rock weathering (approximately 0.1 Pg C y-1) 
(Falkowski et al. 2000, Ciais et al. 2014, Martin 2017). Le Quéré et al. (2015) reported 
an atmospheric C growth rate of 4.4 ± 0.1 Pg C y-1 for the period 2005–2014. Further 
increases of atmospheric CO2 will limit and consequently decrease the buffer capacity 
of the oceans (Kleypas et al. 1999, Falkowski et al. 2000, Langdon et al. 2000). 
Carbon dioxide is the most important anthropogenic GHG contributing to 
climate change (IPCC 2007). The atmospheric concentration of C has significantly 
increased from 317 ppm in 1958 to 405 ppm in December 2016 (Dlugokencky and Tans 
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2017) (Figure 2.1). Moreover, cumulative anthropogenic C emissions since the 
industrial era (1870–2015) are approximately 555 Pg C (Le Quéré et al. 2015). The 
main contributors to this CO2 increase are fossil fuel combustion, cement production 
and land use changes  (Hartmann et al. 2013). In addition, about 26% of total C emitted 
corresponds to land use change activities, including deforestation, reforestation and 
afforestation (Le Quéré et al. 2015). Although not discussed here, other C trace gases 
contributing to climate change are methane, carbon monoxide and other organic 
compounds, including hydrocarbons and black carbon aerosols (Ciais et al. 2014) 
 
Figure 2.1 Atmospheric carbon dioxide (CO2) concentration measured at Mauna Loa 
Observatory, Hawaii. Grey line represents the monthly mean CO2 concentration and the 
black line is the mean annual CO2 concentration. Period: March 1956 to March 2017. 
Source: Dr. Pieter Tans, NOAA/ESRL (www.esrl.noaa.gov/gmd/ccgg/trends/) and Dr. 
Ralph Keeling, Scripps Institution of Oceanography (scrippsco2.ucsd.edu/). Last 
access: 11 April 2017. 
2.1.2. Importance of soil organic carbon in the global carbon cycle  
Soil is the largest terrestrial pool of organic C worldwide with 1,500–2,400 Pg C in the 
upper 100–200 cm of the soil (Batjes 2014) storing approximately 4.5 times more C 
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than the terrestrial living biomass (450–650 Pg C) (Ciais et al. 2014). This dynamic 
pool consists of an equilibrium of gains and losses of C across all C pools (Lal 2004). 
Autotrophic organisms reduce atmospheric CO2 to produce organic compounds through 
photosynthesis. Thereafter, some of this living biomass (aboveground plant residues, 
dead roots and root exudates) is incorporated into the soil organic matter (SOM). Some 
of the C from the dead organic will be incorporated into the SOC pool by heterotrophic 
microorganisms. Depending on the chemical properties and decomposition stage of the 
SOM, the environmental and the physiochemical properties of the surrounding 
environment the turnover rate of SOC varies from readily available to millennia 
(Schmidt et al. 2011). The same authors conclude that the persistence of SOC is more 
an ecosystem property rather than a molecular property. 
During the process of SOM mineralization by decomposer organisms, a fraction 
of the SOC is released back into the atmosphere as CO2 (Silvola et al. 1996, Ryan and 
Law 2005, Luyssaert et al. 2007). Moreover, another fraction of the SOC is lost and 
exported to water bodies as dissolved organic carbon (DOC) (Cummins and Farrell 
2003, Moody et al. 2016) or as eroded particles (Lal 2004, Martinez-Mena et al. 2008). 
In addition, soil erosion may also redistribute SOC within different landscape positions 
(Boix-Fayos et al. 2017, Fissore et al. 2017). Figure 2.2 shows a schematic 
representation of the soil SOC dynamics. 
Depending on the gain and losses of SOC soil can be either net sinks or net 
sources of CO2 and other GHGs. Anthropogenic activities like conversion of natural 
systems to agricultural land, drainage and tillage can turn the soil system into a net 
source of CO2 and other GHGs (Silvola et al. 1996, Lal 2004, Hirano et al. 2007, Elder 
and Lal 2008, Bradshaw and Warkentin 2015). Small variations in soil CO2 effluxes 
13 
 
would have large implications on global temperatures and climate change) (Schlesinger 
and Andrews 2000, Kirschbaum 2006, Heinemeyer et al. 2011). 
On the other hand, anthropogenic practices like non-tillage farming, sludge 
application, improved grazing or forest restoration among others, may foster soil C 
sequestration and soils may become net C sinks (Lal 2004) decreasing the atmospheric 
CO2 growth rate (Lal 2005). The same author estimated that the world soils have the 
potential to sequester 0.4–1.2 Pg C y-1 and also the potential to offset between 5–15% of 
global C emissions. However, newly incorporated C into the soil constitutes the most 
active (labile) pool and it is readily decomposable by soil heterotrophs. Therefore, 
anthropogenic activities that effectively sequester atmospheric CO2 and retain C in a 
most stable pool should be pursued. Fresh C inputs can be stabilized in the slow C pool 
physically (e.g. isolated inside soil aggregates), chemically (e.g. adsorbed by clay 
minerals) and biochemically (e.g. synthetized into more complex and recalcitrant 
organic compounds) (Sollins et al. 1996, Six et al. 2002, Six et al. 2006). The efficacy 
Figure 2.2 Schematic representation of soil carbon dynamics. (SOC: soil organic 




of these mechanisms to stabilize soil C is determined by biotic, abiotic and management 
factors (Six et al. 2006). In organic soils, the anaerobic conditions of the soil is the main 
factor determining the SOC stabilization (Parish et al. 2008). 
2.2. Global peatlands 
2.2.1. Peatlands development  
Peatlands are waterlogged ecosystems where anaerobic conditions at depth lead to an 
accumulation of decaying SOM (from both, animal and plant material) called peat 
(Parish et al. 2008). The aerobic decomposition is limited only to the acrotelm (non-
saturated part of the soil located between the ground surface and the WL). By contrast, 
the lack of oxygen below WL, in the catotelm, reduces the capacity of soil heterotrophs 
to efficiently decompose SOM and SOC is accumulated. Peatlands are fragile 
ecosystems and in natural (i.e. undrained) conditions C is stored because more C is 
sequestered from the atmosphere through photosynthesis than released back through 
soil respiration. Under these conditions, peatlands act as sinks of CO2 and nitrous oxide 
(N2O) and sources of methane (CH4). However, when the interconnection between 
water, peat and vegetation is disturbed (e.g. drainage, peat extraction or non-sustainable 
management practices) the GHG balance is altered and they may become sources of 
CO2 while the production of CH4 is reduced. 
Peatland development is strongly influenced by topography and climatic 
conditions. Optimal peat accumulation occurs in humid climates, where precipitation 
exceeds evapotranspiration (Yu et al. 2010, Yu 2011). They are usually found in 
northern latitudes and high altitudes where plant growth is not limited by low 
temperatures but that at the same time they are low enough to limit microbial 
decomposition. In addition, they can also be found in tropical latitudes where high 
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precipitation, high plant growth and site-specific waterlogging conditions are combined 
together. Although global peatlands only cover around 3% of the Earth’s land surface 
(Parish et al. 2008) they contain approximately 610 Pg C (Yu et al. 2010). Of this, 
around 547 and 50 Pg C are stored in northern and tropical peatlands respectively. Only 
13–18 Pg C is found in southern peatlands (Yu et al. 2010). Peat soils, by definition, 
contains peat over a depth of at least 45 cm on undrained land and 30 cm deep on 
drained land (Parish et al. 2008, Renou-Wilson et al. 2011). Nevertheless, other 
definitions exist in different countries, and Gore (1983) defined peatlands as wetlands 
ecosystems that accumulate more organic matter than it is decomposed. 
2.2.2. Types of peatlands  
Depending on their nutrient ecology and the water-fed origin peatlands are classified in 
two main groups: minerotrophic and ombrotrophic (Alm 1997). Minerotrophic 
peatlands (also called fens) are usually located in depressions (Figure 2.3) (but also in 
flat terrain and slopes) and therefore they receive water from surface runoff and 
groundwater inputs from adjacent mineral soils (Alm 1997, Joosten and Clarke 2002). 
Mineral inputs and composition depends on the soil type, sediments and subsoil from 
which nutrients percolate. In addition, according to the mineral composition and WL 
fens can be divided into oligotrophic (nutrient-poor), minerotrophic (nutrient-rich) 
mesotrophic and eutrophic. While the main vegetation of oligotrophic fens is Sphagnum 
mosses, minerotrophic fens support higher plant and animal diversity, mostly dominated 
by tall herbs rushes and grasses (Renou-Wilson et al. 2011). The pH of fens usually 
varies between 4 to 8 (Shotyk 1988). 
On the other hand, ombrotrophic peatlands (also called bogs) are usually located 
in convex morphologies (Figure 2.3), raised above the surrounding landscape (Joosten 
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and Clarke 2002). The only water and nutrients supply comes from precipitation and 
therefore, their nutrient status is poor (Joosten and Clarke 2002, Renou-Wilson et al. 
2011). The main vegetation of these peatlands include different Sphagnum species, 
heather (Calluna vulgaris (L.) Hull), Eriophorum species and other nutrient-poor 
adapted species. The low supply of minerals and the quality of the vegetation litter 
available to decomposers has led to high C accumulation rates (slow SOM cycling) and 
lower soil CO2 and CH4 emissions, compared to fens (Alm 1997, Renou-Wilson et al. 
2011). The low nutrient content limits the neutralization of organic acids generated 
during the SOM decomposition, resulting in a low pH (between 3.5 to 4.2) (Shotyk 
1988, Renou-Wilson et al. 2011). 
 
2.2.3. Peatlands in Ireland 
Peatlands and organic soils cover approximately 1.5 million ha or around 20.6% of total 
land area in Ireland (Connolly and Holden 2009). However, most of these ecosystems 
have been drained and degraded (e.g. converted to agriculture, forested/afforested or 
used for fuel/horticultural resources) and only around 15% of the Irish peatlands remain 
in natural conditions (Wilson et al. 2013). Tomlinson (2005) estimated that Irish 
peatlands store about 53% of the total SOC stocks in Ireland (calculating that peatlands 
Figure 2.3 Schematic representation and classical difference between bog and fen. 
Brown = peat; arrow = water flow. (Source: Renou-Wilson et al. (2011)). 
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covered 17% of the total land area). Nevertheless, with the updated coverage area, the 
National Parks & Wildlife Service estimated in the new National Peatlands Strategy that 
these ecosystems store approximately 64% of total SOC stocks or some 1,566 Mt C in 
Ireland (NPWS 2015). Despite this, the total amounts of SOC would depend on the 
maximum soil depth used in these C inventories (Xu et al. 2011). Emissions from Irish 
peatlands including combustion and horticulture activities vary between 1.3 and 4.7 Mt 
C y-1 (Wilson et al. 2013). 
Peatlands in Ireland can be grouped into fens, raised bogs and blanket bog. Fens 
are nutrient-rich ecosystems originated in flat plains or depressions (Figure 2.3) 
underlined by limestone rock where a permanently high WL led to shallow lakes 
(Hammond 1981). Vegetation (e.g. reeds) litter inputs accumulated at the bottom of 
these lakes. The lack of oxygen impeded SOM decomposition and thereafter this 
partially decomposed SOM started filling the lake basin until the reed peat started 
accumulating outside the lake-basin edges. The area of undisturbed fens is very small 
(somewhat less than 20,000 ha) as most have been drained and reclaimed for 
agricultural use (Bullock et al. 2012, Renou-Wilson and Byrne 2015). They contain 
high ash content (10–20%) and about 2 m of reed peat (Renou-Wilson et al. 2011). The 
same authors remark the absence of Sphagnum species and suggest that in natural 
conditions (e.g. without anthropogenic disturbances) fens would be transitional 
ecosystems before becoming raised bogs. 
Raised bogs in Ireland were formed over undulating topographies in alkaline 
moraine soils of limestone origin in the Irish Midlands, that developed into shallow 
lakes (Renou-Wilson et al. 2011). They developed under a annual rainfall regime of 
750–1,000 mm (Renou-Wilson and Byrne 2015). With time, the peat started to 
accumulate outside the hollow basin (over the surrounding ground WL) and this 
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stopped the nutrient-rich water input from runoff into the basin. At this stage, peat-moss 
species grew upward (Renou et al. 2006). This led to a further accumulation of peat that 
continued under the influence of nutrient-poor water inputs (i.e. rain water). Thereafter, 
these peatland ecosystems shifted from minerotrophic fens to raised bogs.(Crawford and 
Otte 2004, Renou-Wilson et al. 2011). These ecosystems are unique and they differ 
from raised bogs located elsewhere because they are treeless and because of their less 
domed-shape (Figure 2.3) with peat depths varying 6–7m in depth (Renou et al. 2006, 
Renou-Wilson et al. 2011). 
Blanket bogs are rare ecosystems worldwide with an estimate land area of 10 
million ha (Lindsay 1995). They are the most extensive peatland type in Ireland 
(Renou-Wilson and Byrne 2015) with an estimated cover of approximately 774,000 ha 
(Hammond 1981). They are found in the western half and in mountainous ecosystems 
where precipitation exceeds 1,200 mm with more than 225 rainy days annually (Black 
et al. 2008, Renou-Wilson et al. 2011, Renou-Wilson and Byrne 2015). The water 
supply comes only from rainfall and therefore they are ombrotrophic and have low pH. 
The peat depth varies between 0.3 and 2.5 m and they are located over an underlining 
acidic mineral soil (Renou-Wilson et al. 2011). The typical vegetation of these 
ombrotrophic bogs include Eriophorum species, black bog rush (Schoenus nigricans L), 
purple moor-grass (Molinia caerulea (L.) Moench), louseworts (Pedicularis spp), bell 
heather (Erica cinerea L.), Sphagnum species and bryophytes like Campylopus 
atrovirens and Pleurozia purpurea among other plant species (Renou-Wilson et al. 
2011, Renou-Wilson and Byrne 2015). 
Irish blanket bogs can be divided into two different types, occupying each one 
around 50% of the total blanket bog area. Firstly, Atlantic blanket bogs which are found 
in low-lying coastal plains and valleys in mountainous areas of west Ireland. Secondly, 
19 
 
mountain blanket bogs which develop across large mountain plateaus and gentle slopes 
(no greater than 15°) in altitudes higher than 200 m.a.s.l. (Crawford and Otte 2004). 
Their distribution range is greater than the one of the Atlantic blanket bogs (Hammond 
1981, Renou-Wilson et al. 2011). 
2.3. Land use, land-use change and forestry 
2.3.1. Land-use change in peatlands 
Although peatland origin has been influenced by a number of different factors, such as 
climate, nutrient status, glacial geology and drainage paleoecological studies have 
shown that even apparently pristine peatlands have been influenced by past natural or 
anthropogenic activities (Cohen et al. 1999, Lavoie et al. 2009, Lindbladh et al. 2013). 
It is estimated that Irish raised bogs were covered by pine trees for around 500 years 
sometime between 4,500 and 3,800 years ago and that peat formation engulfed those 
ancient woodlands during wetter climate (Feehan et al. 2008, Renou-Wilson et al. 
2011). Despite this, peatlands in general are deeply anthropogenic landscapes that have 
evolved (and sometime originated) with anthropogenic land uses (Renou-Wilson et al. 
2011).  
Peat has been used in Ireland since prehistoric times. However, it has been over 
the last century when anthropogenic activities have negatively affected these 
ecosystems (Hammond 1981). Most of the land use changes on peatlands require 
previous drainage activities to lower WL. Drainage and other disturbances due to land 
use change have important consequences on SOC stocks and soil C fluxes (Lal 2005, 
IPCC 2007). Therefore, a thorough assessment of the consequences and impact on SOC 
and stocks are required to provide accurate C budgets and comply with international 
regulations (Joosten 2010, Smith et al. 2014). Peatlands in Ireland are used for peat 
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extraction (including production of energy, domestic heating, raw material for chemical 
products and horticultural products), agriculture (including grazing), forestry and 
infrastructural developments (including urban, industrial and infrastructural 
development, wind turbines and also dumping) (Renou-Wilson et al. 2011). 
2.3.2. Effects of drainage and land use change in peatlands 
Drainage aims to lower WL and as a consequence of this, it modifies fundamental 
biological and physical properties of the peat soil (Laine et al. 1995). Although these 
changes depend on the peatland type the differences in the biogeochemical properties 
and bacterial community compositions (between peatland types) are diminished several 
decades after drainage (Urbanová and Bárta 2016). Drainage increases decomposition 
of SOM and losses of SOC. This also changes the physical structure of peat (e.g. 
increasing bulk density, BD), causing peat subsidence (Minkkinen and Laine 1998, 
Shotbolt et al. 1998, IPCC 2014, Williamson et al. 2017). After drainage, compaction of 
peat also occurs as a consequence of the pressure exerted by the surface peat layers over 
peat layers below them (Huat et al. 2013). 
On the other hand, drainage increases oxygenation and the volume of soil 
available for aerobic root respiration, consequent plant productivity, and economic 
returns. Silvola et al. (1996) reported that, for an average summer temperature of 12°C, 
lowering WL 1 cm increased RTOT by around 9.5 mg CO2-C m-2 y-1 (from both 
autotrophic and heterotrophic respiration). The same authors also reported that an 
effective drainage produced almost a 100% increase in soil C fluxes compared to a 
pristine site. In addition, large amounts of DOC are released and discharged into water 
bodies in drained sites (Kalbitz et al. 2000). Nevertheless, Laine et al. (2014) suggested 
that this DOC increment could be due to water runoff after rain or flooding events and 
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other authors have shown that the leaching of DOC do not significantly increase after 
drainage (Ahtiainen 1992, Sallantaus 1994). Lowering WL enhances the production of 
N2O, although emissions are greater in nutrient-rich peatlands than in nutrient-poor 
peatlands (Regina et al. 1996). Methane production is also significantly affected by 
drainage. A meta-analysis of published studies concluded that the production of CH4 is 
reduced on average by 84% after drainage (compared to natural conditions) (Abdalla et 
al. 2016). The same meta-analysis also concluded that restoration of degraded peatlands 
(by rewetting or vegetation/rewetting) increases CH4 emissions on average by 46% 
(compared to their previous management CH4 emissions). 
The conversion of natural peatlands to another land use (e.g. agriculture or 
forestry) may alter the greenhouse-gas balance of these ecosystem (IPCC 2007). 
Although the effects of drainage of peatlands for forestry have been widely studied, the 
findings on the soil C balance are not consistent (Krüger et al. 2016). Some studies 
reported that the soil C sink function of afforested peatlands may still be recovered 
some years after drainage (Minkkinen et al. 1999, Hargreaves et al. 2003, Byrne and 
Farrell 2005, Lohila et al. 2011, Ojanen et al. 2013). By contrast, other studies of 
carbon dynamics at boreal and tropical zones found that after drainage, high CO2 
emissions from oxidation of peat cannot be compensated by the C increase in 
belowground and aboveground biomass, thereby becoming C sources and influencing 
future climate dynamics (Silvola et al. 1996, Hirano et al. 2007, Bradshaw and 
Warkentin 2015). Whether peatland forests are C sinks or sources remain uncertain and 
therefore, accurate modelling of the impact of changes in land-use and climate on soil 
CO2 emissions is necessary to inform and support land-use policies (UNFCCC 1997, 
Smith et al. 2014). 
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2.3.3. Agriculture, forestry and other land use changes 
Peat extraction 
First evidence of extraction of peat for energy purposes in Ireland date from the 8th 
century (Strack 2008). Moreover, after centuries of intense deforestation practices, peat 
became the only source of energy available to the vast majority of the households after 
the 18th century (Strack 2008). Nowadays, around 50,000 ha of peatlands are under 
large scale industrial operations, extracting over 4 Mt of peat annually for the 
production of energy production and the use in the horticulture sector (Wilson et al. 
2015). Moreover, another 0.4 Mt of peat are used for domestic heating affecting about 
600,000 ha of peatlands (Duffy et al. 2015). In industrial cutaway peatlands, the surface 
more fibrous peat is usually milled for horticultural uses. By contrast, the more dense 
highly decomposed peat (with higher calorific energy) is milled, dried and stored until 
finally burned in biomass-fired power plants (Wilson et al. 2015). The same authors 
reported that industrial and domestic cutaway sites emit 1.70 ± 0.47 and 1.64 ± 0.44 
t CO2-C ha-1 y-1 respectively (with annual national emissions from this land use of 
approximately 88,000 t CO2-C y-1). 
Infrastructural developments  
Peatlands can also be used for urban, industrial, infrastructural development (Renou-
Wilson et al. 2011). Degraded fens have also been used as landfill or dumping areas. 
Nevertheless, the most interesting infrastructural development is the construction of 
wind power plants. Both, upland peatland areas and degraded peatlands (e.g. industrial 






Agriculture in Ireland extends over substantial areas covering approximately 4.45 Mha 
of land (CSO 2017). The same statistics show that over 92% of the total farming area is 
grassland. An estimate of 300,000 ha of grassland is over organic soils (Renou-Wilson 
et al. 2016). While nutrient-rich drained peatlands used for grazing are hotspots of C 
and DOC nutrient-poor peatlands emit less CO2 and they can even sequester 
atmospheric CO2 if the annual WL is managed properly (no deeper than 30 cm below 
the peat surface) (Renou-Wilson et al. 2014, Barry et al. 2016, Renou-Wilson et al. 
2016). Recent EFs developed for grazing and no grazing management practices for 
shallow drained sites are 2.32 and 0.81 t CO2-C ha-1 y-1 respectively. On the other hand, 
EFs for shallow drained rewetted sites under grazing no grazing conditions are 2.10 and 
–0.40 t CO2-C h-1 y-1 respectively (Renou-Wilson et al. 2016). The lower values 
reported by Renou-Wilson et al. (2016) (compared to the default Tier 1 values in IPCC 
2014) denote the nutrient-poor status of these peatlands. 
Nationally, the total cropped area in Ireland covers approximately 351,700 ha or 
8 % of the total farmed area (CSO 2017). Estimates of the peatland area under arable 
farming were reported accurately for the first time in Ireland by Donlan et al. (2016). 
These authors calculated that about 1,235 ha of peatlands are under arable use. Tillage 
farming on peatlands are considered hotspots of soil CO2 and N2O (Strack 2008, Renou-
Wilson et al. 2011). Although specific EFs factors for this land use category have not 
been developed for Ireland yet, the IPCC default Tier 1 values provides an EF of 7.90 ± 
1.45 t C ha-1 y-1 for cropland in boreal and temperate climates (IPCC 2014). Multiplying 
the area estimated by Donlan et al. (2016) and using the Tier 1 EF, the same authors 
reported that 9,756 ± 1,791 t CO2-C were emitted in Ireland as a result of the 
decomposition of soil organic matter under arable land use in 2012. Despite the small 
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area of cropland on organic soils, drained and reclaimed peatlands for this land use 
require more sustainable management practices to minimise soil C losses (through 
erosion and soil effluxes) and activities such as paludiculture, rewetting, non-tillage 
farming and removing grazing from shallow drained peatlands are highly recommended 
(Renou-Wilson et al. 2014, Donlan et al. 2016, Renou-Wilson et al. 2016). 
Forestry 
Although some natural peatlands are able to support forest development, high WL 
conditions through the year may limit (and inhibit in the wettest areas) tree growth, 
resulting in irregular forests of different sizes and ages (Paavilainen and Päivänen 
1995). Although Irish peatlands were originally treeless (Renou-Wilson et al. 2011, 
Renou-Wilson and Byrne 2015) the conversion of peatlands to forestry followed socio-
economic objectives and it was promoted and enhanced within the rural areas (Bullock 
et al. 2012). This conversion requires the digging or excavation of drains which then 
creates more suitable conditions for tree growth increasing the productivity of forested 
peatlands. See section 2.4.1 for more information about peatland forests in Ireland. 
2.4. Forestry 
2.4.1. Irish forestry 
Although natural coniferous and broad-leaved forests covered large areas of Ireland 
centuries ago, it has been estimated that forested areas only represented about 1% of the 
total land surface by the 1800s (Mitchell 2000). Since the early 1900s, but mostly since 
the 1950s, large areas have been afforested by the State through the plantation of exotic 
coniferous species such as Sitka spruce (Picea sitchensis (Bong.) Carr.), lodgepole pine 
(Pinus contorta Dougl.) and Norway spruce (Picea abies (L.) Karst.) on marginal land 
like Atlantic and mountain blanket bogs (Figure 2.4) (Wilson et al. 2013, Renou-Wilson 
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and Byrne 2015). Sometime thereafter, in the mid-1980s the European Union and the 
Irish government provided economic incentives to expand forestry into private land and 
over poor-marginal agricultural land (Mitchell 2000, Behan and McQuinn 2005), 
including Gley and Podzol soil types (Bulfin 1987). 
Currently, approximately 11% of the total land area in Ireland (or 731,652 ha) is 
under forestry use (including forest open areas and temporally unstocked areas) (NFI 
2013). Approximately 53% of the forested area belongs to the State and the other 47% 
are in private ownership. While the State forest did not significantly increase (around 
0.2%) during the period 2006–2012, afforestation on private land during the same 
period increased by around 4% (NFI 2013). Nevertheless, the new Forestry Programme 
2015 aims an increase in the State forest by nearly 10% for the period 2014–2020 
(DAFM 2015a). 
 
Figure 2.4 Forest cover in Ireland, 1656–2014. Adapted from DAFM (2015b). 
 
Coniferous species represent around 74% of the total forestry area and 
broadleaved forests cover nearly 26%. Sitka spruce is the main species in the Irish 
forests, occupying almost 53% of all species and around 71% of all conifers of the 
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forest state (NFI 2013). Due to the capacity to grow over a broad range of soils and the 
fast growth and high yields produced over short rotation, Sitka spruce has been the 
preferred commercial species in both, public and private plantations (Joyce and 
O'Carroll 2002, Fennessy et al. 2012). Sitka spruce is usually planted at 2×2 m 
(stocking densities of 2,500 trees ha-1). To avoid wind damage, first thinning (usually 
systematic thinning) occurs after 15–22 years of planting. Thereafter, another systematic 
and then subsequent thinning are conducted every five years. Harvesting through clear-
felling systems start at 35 years old although depending on the quality of the site, 
harvesting of mature tree can be delayed until 50-55 years after planting (Joyce and 
O'Carroll 2002, Renou-Wilson and Byrne 2015). 
2.4.2. Peatland afforestation in Ireland 
Between 46 and 51% of total afforestation in Ireland during the period 1990–2005 was 
established on organic soils (Black et al. 2008). Moreover, it has been estimated that 
approximately 440,000 ha of peatlands have been drained and afforested in Ireland 
(Renou-Wilson and Byrne 2015). Nearly 60% of the total forested area is on organic 
soils (Duffy et al. 2015). Although peatland forests have low yield rates and are 
considered unprofitable with marginal economical profits (Farrell and Boyle 1990, 
Renou and Farrell 2005) private afforestation on lowland and mountain blanket bogs 
has been supported by grants from the Irish government and the European Union 
(Wilson et al. 2013). 
As outlined earlier, the digging of drains and ground preparation activities prior 
to planting trees modifies the C cycle and biogeochemical processes of peatlands 
(Parish et al. 2008). While cultivation activities damage the natural peatland vegetation 
(Charman 2002) drainage lowers WL and promotes  the decomposition of peat 
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(Hargreaves et al. 2003, Lewis et al. 2013). After drainage, the aerobic conditions 
present in the soil enhance root growth and respiration and soil microbial activity. 
While drainage increases CO2 emissions it also decreases the production of CH4. 
Hargreaves et al. (2003) reported that while an undisturbed peatland in Scotland was a 
net C sink of –0.25 t C ha-1 y-1 it became a net C source (emitting between 2 and 4 t C 
ha-1 y-1) during the four years after drainage and cultivation activities. After canopy 
closure, the aboveground biomass absorbed up to 5 t C ha-1 y-1 with peat losses of 
around 1 t C ha-1 y-1. The initial C loss during the first years after drainage could be 
offset if the new inputs of organic matter through vegetation, tree biomass and below 
and aboveground litter inputs surpass the initial losses (Hargreaves et al. 2003, Byrne 
and Farrell 2005, Zerva et al. 2005). In addition, the decrease in CH4 fluxes should also 
be taken into account to assess the new carbon budget (Wilson et al. 2013) but also CO2 
and CH4 fluxes from drains (Minkkinen and Laine 2006). 
The impact of afforestation of peatlands on the C cycle is complex and 
contradictory sometimes. While some studies reported that the soil C sink function of 
afforested peatlands may still be recovered some years after drainage (Minkkinen et al. 
1999, Minkkinen et al. 2002, Hargreaves et al. 2003, Byrne and Farrell 2005, Lohila et 
al. 2011, Ojanen et al. 2013) few other studies reported that peatland forests may 
become C sources after drainage (Silvola et al. 1996, Hirano et al. 2007, Bradshaw and 
Warkentin 2015). 
Meyer et al. (2013) reported that with direct measurements of net ecosystems 
CO2 exchange (i.e. eddy covariance) a fertile peatland forest was a minor GHG sink of 
–1.2 ± 0.8 t Ceq ha-1 y-1. However, if indirect methods were used (i.e. analysing the 
different components of the GHG budget), the same peatland forest was a net GHG 
source of 0.6 t ± 4.5 Ceq ha-1 y-1. Nevertheless, the same authors concluded that the 
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GHG sink capacity of this ecosystems may be limited to the years of maximum tree 
growth (and C accumulation) and that thereafter, the site may became a net source of 
GHG because the forest growth will not able to compensate C and N losses. In addition, 
the C balance in afforested peatland is significantly related to the tree species selected. 
After three years (2000–2002) of soil respiration measurements Wilson and Farrell 
(2007) concluded that Sitka spruce afforestation on industrial cutaway peatlands led to a 
net C sink of approximately –1.35 t CO2-C ha-1 y-1. However, the same authors also 
found that natural regeneration of  about 70% birch (Betula spp.) and 30% willow (Salix 
spp.) colonizing industrial cutaway peatlands resulted in a net C source of about 5.35 t 
CO2-C ha-1 y-1. 
Nevertheless, a recent meta-analysis found that over 70% of the studies reviewed 
about peatland afforestation, this new land use led to a greater C sink function (Worrall 
et al. 2011). Although Wilson et al. (2013) suggest that afforested peatlands in Ireland 
may be C sinks, their study do not use country specific soil C EFs and the authors also 
conclude that the C dynamics after the first rotation are highly uncertain. In addition, the 
success of peatland forestry in Ireland should be assessed by the financial objectives and 
also by how well they provide social, aesthetic, and environmental services (Renou-
Wilson and Byrne 2015). 
2.5. Soil respiration 
2.5.1. Soil respiration in peatland forests 
Soil respiration is a major component of the global C cycle (Schlesinger and Andrews 
2000). It is a biological process mostly originated in the organic soil horizons, which 
sustain most of the nutrient cycling and biological activity in soils (Kutsch et al. 2001). 
Total ground respiration also includes respiration from ground vegetation (forest floor 
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lichens, mosses and seedling). However, this is sometime excluded from RTOT and RH 
measurements (Mäkiranta et al. 2008) but taken into consideration when assessing the 
gross photosynthesis and the C balance (Ojanen et al. 2010, Ojanen et al. 2013). It is the 
combination of the biological activity from autotrophic roots and associated 
mycorrhizas, soil heterotrophs (including bacteria, fungi and other soil micro and macro 
invertebrates) (Hanson et al. 2000). Soil organisms break down organic compounds 
(e.g. carbohydrates, proteins) into more simple molecules that are then used to produce 
energy or to provide C for cellular growth (Rochette and Hutchinson 2005). It is 
estimated that about 90% of RTOT originates within the top 30 cm of soil (Goffin et al. 
2014, Wiaux et al. 2015). Total soil respiration can be divided into different flux 
components (as shown in Figure 2.5) RA which includes all root and associated 
mycorrhiza activity and RH which includes RL and RP (Mäkiranta et al. 2008, 
Heinemeyer et al. 2012b). 
While RH results in soil C loss, the production of CO2 as a consequence of RA is 
linked to the utilization of C supplies from aboveground plant organs synthetized 
through photosynthesis (Horwath et al. 1994). Depending on the vegetation type and on 
the season, soil respiration can represent between 45 and 95% of total ecosystem 
respiration (Raich and Schlesinger 1992, Dixon et al. 1994, Law et al. 1999, Valentini 
et al. 2000, Janssens et al. 2001, Yuste et al. 2005, Davidson et al. 2006a) and it is the 
main pathway for soil C returning from ecosystems to the atmosphere (Raich and 
Schlesinger 1992, Ryan and Law 2005). Small increments in this soil CO2 efflux will 



























Figure 2.5 Schematic diagram of the component fluxes and processes of soil 
respiration. CO2 = carbon dioxide, RH = heterotrophic respiration, RL = litter 
decomposition, RP = decomposition of older soil organic matter or peat, RA = 
autotrophic respiration, DOC = dissolved organic carbon. 
 
2.5.2. Control factors on soil respiration 
Soil respiration varies temporally and spatially (both at the site and landscape level) and 
also vertically with depth (Hanson et al. 2000, Davidson et al. 2006b, Mäkiranta et al. 
2009, Goffin et al. 2014, Wiaux et al. 2015). Moreover, the rate of SOM oxidation is 
determined by the amount and quality of organic substrates, the efficiency of microbes 
and soil heterotrophs decomposing SOM, physical and chemical properties of soil and 
environmental conditions (Rochette and Hutchinson 2005). 
Soil temperature, soil moisture and WL (which relates to oxygen content in soils) 
are the main drivers of the temporal variations of soil respiration (Smith et al. 2003). 
Soil respiration usually follows a clear temperature-driven seasonal trend (Buchmann 
2000, Byrne and Kiely 2006, Saiz et al. 2006b, Mäkiranta et al. 2009). Nevertheless, 
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soil respiration component fluxes may have different sensitivities to soil temperature 
and moisture content changes (Boone et al. 1998, Mäkiranta et al. 2008, Sayer and 
Tanner 2010, Wei et al. 2010). In addition, the availability of labile C for 
decomposition also controls the temporal variation of soil respiration (Kirschbaum 
2004, Hartley et al. 2007). Root exudates are an important source of SOM for soil 
respiration and the continuous consumption by the microbial communities during the 
most biologically-active months may lead to a depletion of this substrate and therefore, 
in a reduction in soil CO2 efflux in late summer and autumn  months (Heinemeyer et al. 
2012b). Therefore, the photosynthetic activity and plant phenology can also influence 
soil respiration seasonality (DeForest et al. 2006, Vargas et al. 2010). 
Shallow WL and high soil moisture content may decrease soil respiration by 
reducing the amount of oxygen available to aerobic organisms (Tuittila et al. 2004, Luo 
and Zhou 2006, Saiz et al. 2006a, Mäkiranta et al. 2009, Moyano et al. 2013). 
Moreover, rain events during summer months may result in respiration pulses. When 
soils are relatively dry, soil microbes will respond very quickly to a rapid increase in 
water availability thereby enhancing the soil CO2 production (Howard and Howard 
1993, Rey et al. 2002, Xu et al. 2004). This has been described as the ‘birch effect’ and 
although the processes controlling these pulses are not fully understood, it seems to be 
due to an increase in easily decomposable organic matter that it is used by 
microorganisms once the soil moisture become favourable (Moyano et al. 2013). 
Although RTOT and their component fluxes are mainly regulated in the short term 
by soil temperature and soil moisture (Byrne and Kiely 2006, Saiz et al. 2006b) recent 
research has found that, in the longer term, other properties like SOC, litter fall, BD, 
pH, N content and thickness of the organic layers also affect soil CO2 effluxes  
(Bowden et al. 1993, Saiz et al. 2006b, Wang et al. 2006, Mäkiranta et al. 2009, Luan et 
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al. 2012, Ngao et al. 2012, Wang et al. 2013, Zhou et al. 2013, Lecki and Creed 2016, 
Oertel et al. 2016). 
2.5.3. Overview of soil respiration methodologies 
Due to its simplicity and low cost, root exclusion is one of the most common methods 
used to separate RA and RH fluxes and to assess their contributions to RTOT (Bond-
Lamberty et al. 2011). By trenching, usually with plastic or metal collars inserted into 
the soil to a specific depth, roots are severed and the autotrophic flux is eliminated (Saiz 
et al. 2006a). Soil respiration can be measured in trenching experiments by measuring 
the CO2 concentration increment over time (closed systems or non-.steady state 
chambers), by measuring the difference between the CO2 concentration in the chamber 
inlet and outlet (steady-state chambers) and by absorbing the CO2 inside the chamber 
with different chemicals (static chambers) (Hanson et al. 2000, Janssens et al. 2000, 
Pumpanen et al. 2004, Ryan and Law 2005). 
Other partitioning methods include C isotopic techniques (a least-invasive 
method, but complex and costly) and component integration (which requires the 
physical separation of litter, roots and soil components and the measurement of CO2 
effluxes from each one of them), and which would ideally include in situ measurement 
of total soil CO2 efflux (Hanson et al. 2000). Soil C losses in peatlands can also be 
measured with eddy covariance using a flux tower (Hargreaves et al. 2003, Lohila et al. 
2011, Rowson et al. 2013) and based on changes in BD and ash content in peat profiles 
(Leifeld et al. 2011, Krüger et al. 2016). 
33 
 
2.6. Soil C stocks and GHG reporting systems  
2.6.1. Mineral versus organic soils 
Soil organic carbon stocks, rates of change and their associated greenhouse gas 
emissions need to be reported and monitored in accordance with the United Nations 
Framework Convention on Climate Change (UNFCCC 1992), the Kyoto Protocol 
(UNFCCC 1997) and the Parish Agreement (COP 21). The Intergovernmental Panel on 
Climate Change (IPCC) (IPCC 2003) provide two approaches for assessing changes in 
soil carbon stocks (SCS). The first approach measures C stocks at regular repeated 
inventories over 5 to 10 years cycles. In order to reliably assess changes in SCS, this 
method requires an intense and efficient sampling design (Smith 2001). According to 
Mäkipää et al. (2008), soil inventories at intervals of less than 10 years would 
significantly increase the monitoring cost of the soil survey. Therefore, national SCS are 
frequently estimated using models (Peltoniemi et al. 2007). The IPCC (2006), states that 
the most advanced method of reporting SCS changes is combining simulation models 
with soil C inventories datasets. Peltoniemi et al. (2007) also suggests that simulation 
models and other C accounting methods should be always carried out in parallel. 
However, this approach is mostly used for mineral soils (IPCC 2003). 
The second approach consists of measuring C fluxes in the soil-plant-atmosphere 
continuum. Khalil et al. (2013) suggest that site-specific data from this approach can be 
combined with process-based models to assess soil C changes and to develop reliable 
soil C EFs. An integrated method to predict soil CO2 emissions proposed by Zhou et al. 
(2013) used the combination of different C pools (soil, roots and litter). This integrated 
model was able to simulate and predict very well annual soil CO2 emissions across 
different forest types. In all approaches, measured data are extremely important to 
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evaluate, validate and improve carbon models and to decrease associated uncertainties 
(Palosuo et al. 2012). 
2.6.2. Default Tier 1 values 
The IPCC (2003) identifies three different levels (or tiers) of complexity that can be 
used to report GHG emissions. Tier 1 values reported in the IPCC (2006) and updated 
in the IPCC (2014) are generic default values derived from internationally-published 
literature. These were developed so signatory countries that do not have country-
specific EFs can use Tier 1 default values to report GHG emissions under different 
land-use changes. However, these values have a large associated uncertainty because 
data from managed peatlands is still scarce. Therefore, Tier 1 default values may not be 
representative of management practices, climate and soil conditions of all particular 
countries or regions (Ogle et al. 2004, Ramírez et al. 2008, Wilson et al. 2015). Also, 
the Tier 1 approach does not provide information about the temporal variation of the 
GHG emissions (Le Quéré et al. 2015). 
The current EF used to calculate C emissions from afforested peatland in in 
Ireland for the period 1990–2013 is 0.59 t CO2-C ha-1 y-1 (Duffy et al. 2015). This EF is 
much lower than mean Tier 1 default value (2.6 t CO2-C ha-1 y-1) for temperate regions 
(IPCC 2014). Duffy et al. (2015) estimated this EF from RTOT emissions calculated by 
Byrne and Farrell (2005). However, these RTOT emissions are much lower than values 
reported in other studies in drained organic soils (Wilson and Farrell 2007) and in 
mineral soils (Saiz et al. 2006a, Saiz et al. 2006b) in Ireland. Therefore, it is likely that 
the EF used by Duffy et al. (2015) is too conservative and that CO2-C emissions from 
afforested peatland are likely to be higher. Countries are encouraged to move to higher-
tier reporting levels with reduced uncertainty levels based on country- or regional-
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specific data (IPCC 2006, Wilson et al. 2015) and therefore, there is a clear need to 
develop soil C EFs under this land-use change. 
2.6.3. Tier 2: country-specific emission factors 
The Tier 2 approach (or also empirical approach) for assessing CO2 emissions from 
decomposition of SOM at drained organic soils incorporates country-specific 
information that represent the national circumstances (IPCC 2014). Drained peatlands 
converted into a new land use such as peatland forest requires the development of 
country-specific EFs for this land use to be used in future national reporting GHG 
inventories (IPCC 2006). Improvement of Tier 2 values include the division into 
climatic sub-zones, the characterization according to the land use intensity classes, site 
fertility and drainage class (IPCC 2014). 
The relationship between soil respiration and soil temperature has been widely 
investigated and is usually described using an exponential function (Lloyd and Taylor 
1994, Boone et al. 1998, Davidson 1998, Epron et al. 1999, Rey et al. 2002, Saiz et al. 
2006a, Jordan et al. 2009, Heinemeyer et al. 2011). In addition, soil respiration can be 
strongly influenced by variation in soil moisture (in mineral soils) and WL (in organic 
soils). However, unlike soil temperature, there is less consensus between studies 
regarding the relationship between RTOT and soil moisture content as either an excess or 
a deficit can limit the soil CO2 production. A wide variety of soil moisture content-
response functions have been used such as, linear (Epron et al. 1999, Rey et al. 2002, 
Cook and Orchard 2008), polynomial (Qi and Xu 2001, Saiz et al. 2006a) exponential 
(Davidson 1998) and exponential type equation (Davidson 1998, Byrne and Kiely 
2006). This underlines the large variability between soil and site types and the need for 
more data so stronger and more reliable models can be developed. 
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In organic soils, the combined effect of soil temperature and WL on soil 
respiration is usually studied through the development of multiple nonlinear regression 
models (Mäkiranta et al. 2008, Wilson et al. 2015, Renou-Wilson et al. 2016). This 
empirical approach consists of multiple combinations of soil temperature exponential 
function with each one of the other WL response functions through both, multiplicative 
and additive approaches. A multiplicative combined model implies that the effect of 
WL on soil respiration is dependent on soil temperature. On the other hand, an additive 
model would mean that the effect of soil temperature on soil respiration was 
independent of changes in WL (Tuittila et al. 2004, Mäkiranta et al. 2008). 
Different validation statistics are used to assess the model accuracy and 
performance: determination coefficient, standard error of the estimates, root mean 
squared error, model bias, modelling efficiency criteria and Akaike's Information 
Criterion, with a bias-adjustment for finite samples (Mayer and Butler 1993, Burnham 
and Anderson 2004, Elsgaard et al. 2012, Kandel et al. 2016). The best fit model based 
on some of these statistics is used to simulate hourly soil respiration values. Annual 
values for each one of the soil respiration components can then be calculated by 
summing the hourly simulated values (Mäkiranta et al. 2009). Thereafter, using annual 
RH emissions and litter inputs (aboveground and belowground) and a single mean value 
for each multi-year site (and for its associated uncertainty) the soil C EF can be 
calculated for a specific land use category (IPCC 2014, Wilson et al. 2015). This 
country-specific EF represents the Tier 2. 
2.6.4. Other reporting approaches 
The Tier 3 approach is the most complex and comprehensive method for reporting CO2 
emissions and removals. Soil CO2 emissions and removals from drained organic soils 
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can also be estimated using process-based models. Process-based models can explicitly 
incorporate the biological and physical framework regulating ecosystem behaviours 
(Korzukhin et al. 1996) and therefore they are able to perform simulations of ecosystem 
responses to changing future conditions (Williams and Jackson 2007). Moreover, 
process-based models are more comprehensive than empirical models and, allowing 
robust upscaling to regional and national levels while reducing the uncertainties 
associated with soil and climate changes (Giltrap et al. 2010, Smith et al. 2010b, Adams 
et al. 2013, Khalil et al. 2016). 
Process-based models require more detailed information and under the Tier 3 
approach they should include the site properties (peat type, depth, drainage depth, N 
content, pH among other factors) the effects of management practices (like thinnings, 
drain maintenance and harvestings) and the environmental conditions (temperature, 
precipitation and potential evapotranspiration) (IPCC 2014). Moreover, the process-
based model should be properly validated using independent data and it should be able 
to explain adequately the temporal and the spatial variation of soil CO2 emissions over 
time. In addition, the level of uncertainty associated with them is usually lower than 
other Tier approaches (IPCC 2003, IPCC 2006, Smith et al. 2010a). 
With the ambition to simulate C and nitrogen cycling and greenhouse fluxes in 
organic soils using minimal input data, the Estimation of Carbon in Organic Soils—
Sequestration and Emissions (ECOSSE) model was developed (Smith et al. 2010a, 
2010b). This process-based model only requires commonly available data (e.g. air 
temperature, precipitation, soil C stocks) (Smith et al. 2010a, 2010b, Bell et al. 2012, 
Dondini et al. 2016b). Land-use change effects on soil C stocks and soil CO2 emissions 
using ECOSSE have already been tested and validated temporally and spatially over a 
range of soils and ecosystems (Smith et al. 2010b, Abdalla et al. 2014, Dondini et al. 
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2015, Dondini et al. 2016a, Dondini et al. 2016b, Khalil et al. 2016). However, the 
ECOSSE model has not previously been used or validated for afforested peatland and 
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Using collars for measuring soil respiration and its component fluxes in closed chamber 
systems relies on two main assumptions. Firstly, it is assumed that shallow collars 
prevent lateral soil-gas leakage beneath the chamber’s walls and the underestimation of 
soil CO2 fluxes and, secondly, the insertion of deeper collars excises all living roots and 
the autotrophic flux is eliminated. It was hypothesized that previous findings on collar 
insertion impacts on autotrophic and total soil respiration also apply to afforested 
peatlands. In these ecosystems, a large fraction of fine roots grow close to the soil 
surface. Therefore, the use of shallow collars may sever some fine roots and hyphae of 
mycorrhizal fungi, and therefore, it may lead to underestimation of total soil respiration. 
It was also hypothesized that this underestimation may be greater than a possible CO2 
leakage from lateral diffusion of soil gas as a result of not using collars. In this study, 
we measured soil CO2 efflux in a Sitka spruce and a lodgepole pine plantation on 
blanket peat in southern Ireland. A surface collar (not inserted into the ground) and six 
insertion depths (5, 10, 15, 25, 35 and 45 cm) were established to assess the effect of the 
collar insertion depth on autotrophic and total soil respiration. The insertion depth of 5 
cm reduced total soil respiration by 47 and 32% in the spruce and pine stands, 
respectively. Using nonlinear equations, it was estimated that a frequently-used shallow 
insertion of 1.5 cm would have reduced this efflux by 34 and 21% in each stand, 
respectively. Moreover, it was demonstrated that this reduction was greater than a 
possible lateral soil-gas leakage. These results suggest that the insertion of shallow 
collars should be avoided and surface collars permanently anchored in the soil should be 
used instead. 
Key words: blanket peat; CO2 efflux; trenching collar, autotrophic respiration; Sitka 




Worldwide, total organic carbon (C) in the upper 100–200 cm of the soil represents 
approximately 1,500–2,400 Pg (Batjes 2014). Of this, approximately 610 Pg C is stored 
in global peatlands (Yu et al. 2010) covering about 3% of the Earth’s land surface 
(Parish et al. 2008). Although these wetlands have acted as a C sink during the 
Holocene (Gorham 1991, Yu et al. 2010), anthropogenic activities such as drainage for 
peat extraction, agriculture and forestry have increased the decomposition of soil 
organic matter (SOM) (Parish et al. 2008). Global soil CO2 emissions from degraded 
peatlands surpass 2 Pg annually representing 6% of total human-induced CO2 emissions 
(Joosten 2010). 
Soil respiration is the main pathway for C exchange between the soil and the 
atmosphere (Ryan and Law 2005) and it can range between 45 and 95% of total 
ecosystem respiration (Law et al. 1999, Janssens et al. 2001, Yuste et al. 2005, 
Davidson et al. 2006a). This flux originates from two major components: (i) autotrophic 
respiration (RA) by root and associated mycorrhizal fungi and (ii) heterotrophic 
respiration (RH), which includes decomposition of newly-deposited organic matter and 
oxidation of older SOM (Heinemeyer et al. 2011). Soil respiration is regulated by soil 
temperature and soil moisture (Byrne and Kiely 2006, Saiz et al. 2006b) and in 
peatlands also by water table level (Mäkiranta et al. 2008). Respiration decreases with 
soil depth and approximately 90% of the efflux originates within the top 30 cm of soil 
(Goffin et al. 2014, Wiaux et al. 2015). Soil respiration component rates and their 
contribution to total soil respiration (RTOT) differ between forest ecosystems and with 
stand ages (Bond-Lamberty et al. 2004). Autotrophic respiration varies between 10 and 
90% of RTOT and it also depends on the season and vegetation type (Hanson et al. 
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2000). Because of its importance in the global C cycle, accurate measurement and 
subsequent modelling of soil respiration is a major concern (Chen et al. 2011) since 
small changes in soil CO2 fluxes could have important implications for future climatic 
conditions (Schlesinger and Andrews 2000, Luyssaert et al. 2007). Therefore, a 
dependable and accurate method for partitioning soil respiration components is needed 
(Heinemeyer et al. 2011). 
Due to its simplicity and low cost, root exclusion is one of the most common 
methods used to separate RA and RH fluxes and to assess their contributions to RTOT 
(Bond-Lamberty et al. 2011). By trenching, usually with plastic or metal collars inserted 
into the soil to a specific depth, roots are severed and the autotrophic flux is eliminated 
(Saiz et al. 2006a). The use of collars seems to prevent lateral soil CO2 diffusion and the 
underestimation of soil CO2 fluxes (Healy et al. 1996, Görres et al. 2016). However, 
trenching collars may alter the soil hydrology by interrupting lateral water flow (Subke 
et al. 2006, Mäkiranta et al. 2009, Heinemeyer et al. 2011) and they may also 
overestimate RH because decomposition of fine roots in the trenched plots produces an 
extra source of CO2 emissions (Díaz-Pinés et al. 2010). Moreover, even the use of 
shallow collars for measuring RTOT or estimating RA may sever some fine roots and 
hyphae of mycorrhizal fungi, and therefore, it may lead to underestimation of these CO2 
fluxes (Heinemeyer et al. 2011). This may also be a particular problem in ecosystems 
with shallow root systems as shown by the same authors in a heather-dominated 
peatland. Many soil respiration studies have used shallow collars to measure RTOT and 
to estimate RA, and this would have potentially resulted in an underestimation of these 
fluxes. Heinemeyer et al. (2011) estimated that about 55 out of 131 studies investigated 
in a meta-analysis conducted by Subke et al. (2006), may have underestimated RA 
fluxes in forest ecosystems by 50%. 
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Collar insertion depths used in soil respiration experiments to measure RTOT in 
different coniferous forest ecosystems vary between 1.5 cm (Saiz et al. 2006a) and 5 cm 
(Widén 2002). An assessment of literature conducted by Heinemeyer et al. (2011), 
found that mean collar insertion depth in forest ecosystems was 3.5 cm. The same meta-
analysis revealed that many studies omitted important information about collar insertion 
depths and they pointed out the disparity of collar insertion depths used to measure RTOT 
and RA. Reliable information about the root system for a specific study site should be 
gathered prior to choosing a suitable collar insertion depth as this depth should prevent 
any lateral soil gas leakage but at the same time, it should avoid severing the root 
system (Görres et al. 2016). 
Heinemeyer et al. (2011) conducted the first rigorous study tackling the effect of 
collar insertion depth on soil respiration. However, the implications of using shallow 
collars in peatland forests remain uncertain. In this study, the experimental setup used 
by Heinemeyer et al. (2011) was adapted to peatland forests as it was hypothesized that 
their findings on collar insertion impacts on RA and RTOT also apply to afforested 
peatlands. It was also hypothesized that the underestimation of RTOT due to the use of 
shallow collars may be greater than a possible CO2 leakage from lateral diffusion of soil 
gas as a result of not using collars. The objectives of this study were to assess: i) the 
effect of soil temperature and water table depth on soil respiration; ii) the effect of collar 
insertion depth on RA and RTOT fluxes; and iii) the relationship between CO2 reductions 
and the amount of severed fine roots, in each of a Sitka spruce (Picea sitchensis (Bong.) 




3.3. Material and Methods 
3.3.1. Site description 
The study sites were located on the Mullaghareirk Mountains in south-west Ireland. The 
climate is temperate maritime, with mean monthly minimum and maximum 
temperatures of 6.6 and 13.3ºC, respectively, and mean annual rainfall of approximately 
1,600 mm (Mount Russell and Rockchapel weather stations, Met Éireann, Irish 
Meteorological Service). The sites investigated (Table 3.1) were first rotation Sitka 
spruce and lodgepole pine plantations, established on blanket peat, located within 1.4 
km of each other. The soil at the study sites was a poorly drained Dystric Histosol 
(IUSS Working Group WRB 2015), with no coarse woody debris on the surface. The 
peat depth at both sites ranged between 90 and 120 cm, including L and F (litter and 
fermented layers) thickness of 11 and 13 cm, in the Sitka spruce and lodgepole pine 
stands, respectively. Both forest stands had closed canopy and were unthinned. The 
ground preparation at both stands included the digging of surface drains (approximately 
30 cm deep) at about 11 m intervals and mechanical mounding at about every 1.9 × 1.9 
m. Trees were planted on top of the mounds. Understory vegetation was absent in the 
Sitka spruce stand. However, scattered patches of bilberry (Vaccinium myrtillus L.) 
were growing in the lodgepole pine stand. Forest floor vegetation in both stands was 
composed of scattered mosses (Hylocomium splendens, Pleurozium schreberi and 
Polytrichum sp.) and diverse forest lichens. 
3.3.2. Experimental design 
Within each stand, an experimental plot was established in February 2014. The 
experimental plan consisted of plots distributed according to a randomized complete 
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block design with three replications per collar-depth treatment. Each block included a 
set of seven PVC cylindrical collars of 15.4 cm inner diameter randomly distributed in 
rows within each block as follows: a surface collar not inserted into the ground, and six 
insertion depths: 5, 10, 15, 25, 35 and 45 cm. All collars were cut 2 cm longer than their 
insertion depth length and they were inserted in the same microtopography (flat and 
undisturbed area of the forest floor) at a spacing of approximately 1.9 × 1.9 m. Litter 
was left intact inside the collars and aluminium nets (1.0 mm mesh size) were used to 
prevent soil disturbances by animals and to prevent the further accumulation of fresh 
litterfall within each collar. Prior to the collar insertion, the soil and the roots were 
carefully pre-cut with a knife and a pruning saw. To avoid accidentally damaging 
deeper roots, this was done only to half of the insertion-treatment depth. Thereafter, 
collars were driven into the ground, leaving an average lip of 2 cm above the soil 
surface. 
Table 3.1 Site description and mean soil physical properties for the top 30 cm of soil. 
Standard errors of the estimates are shown in parentheses 
  Sitka spruce lodgepole pine 
Latitude 52° 18' 1'' N 52° 18' 17'' N 
Longitude 9° 9' 29'' W 9° 8' 57'' W 
Elevation (m) 293 287 
Age (in 2015) 24 23 
Slope (%) 4.4 1.8 
Density (trees ha-1) 2,767 2,500 
Mean dbh (cm) 15.4 16.4 
Stand ba (m2 ha-1) 51.8 52.5 
Bulk density  
(g cm-3) 0.12 (0.01) 0.11 (0.003) 
Ash content (%) 7.2 (2.6) 2.4 (0.05) 
C content (%) 54.0 (2.2) 53.7 (0.6) 
SCS (t C ha-1) 188 (19) 172 (6) 
pH 3.52 (0.04) 3.71 (0.01) 
dbh: diameter at breast height; ba: stand basal area;  




In peatland forests, a large fraction of the fine roots grow close to the soil surface 
(Laiho and Finér 1996, Finér and Laine 1998) and it was assumed that the deepest collar 
treatment was able to cut all fine roots inside the collar. It was also assumed that the 
PVC collars prevented any root regrowth inside them, and that the deepest collar 
treatment eliminated all the RA efflux. Green parts of vegetation (mosses and tree 
seedlings) growing inside the collars were removed at the start and as necessary 
throughout the study period. Consequently, RTOT, RH and RA were estimated as follow, 
R =  R           (3.1) 
R =  R           (3.2) 
R = R − R          (3.3) 
where R0 and R45 are the measured soil CO2 efflux rates from the surface collar and the 
deepest collar (inserted 45 cm into the soil), respectively. The remaining collars were 
used to estimate the reduction of soil respiration based on the difference between RTOT 
and CO2 fluxes from each collar-depth treatment. 
3.3.3. Field measurements 
Soil respiration 
Soil respiration was measured using a portable infrared gas analyser attached to a closed 
chamber of 2,755 cm3 (EGM-4 and modified SRC-1; PP Systems Ltd., UK). The 
chamber height and inner diameter were 14.8 and 15.4 cm respectively. The lower end 
of the chamber overlapped the collar, with the overlap having an inner diameter of 16.1 
cm. A hydrophobic filter and a water vapour equilibrator were fitted in-line with the 
“gas in” pipe at the sampling point of the EGM-4 to avoid water condensation risks. 
The chamber was equipped with a fan for a homogeneous air mixing. Prior to the soil 
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respiration measurements, nets were removed from the collars. Then, the chamber was 
coupled to the collar by fitting it over the collar’s lip. A rubber ring inside the chamber 
ensured an airtight seal. For the surface collar measurements, the collars were first 
removed and then the chamber was placed at the marked area. Thereafter, the chamber 
was held in place by securing it firmly and by the chamber weight. The headspace of the 
chamber was the same for with and without collar measurements. The CO2 
concentration (ppm) increment inside the chamber was measured over a period of 81 s. 
Data was processed automatically every 4.8 s by the EGM-4 internal microprocessor. If 
the soil CO2 concentration increment followed a linear fit, concentrations were 
converted into g CO2 m-2 h-1. A nonlinear fit error message shown on the screen was 
interpreted to mean that a gas leakage had occurred. Hence, the value was discarded and 
the measurement was repeated. Soil CO2 efflux measurements started in March 2014 
and they were conducted at weekly to fortnightly intervals until July 2015 (n = 58) at 
both stands. Soil respiration measurements from the first three months after collar 
insertion (March to May) were discarded and not used in the soil respiration modelling. 
This was done to avoid a possible soil CO2 efflux overestimation as a consequence of 
RA pulses after severing the roots. 
Soil temperature and water table depth 
Concurrently with soil CO2 efflux measurements, soil temperature (T) over the 0–10 cm 
thickness of the soil was measured in triplicate next to each collar (HD-2307.0 & TP-
473 P.O; Delta OHM S.r.L., UK). Simultaneously, WT was measured to the nearest 
centimetre from the soil surface in porous pipes 110 cm long inserted 100 cm vertically 
into the soil adjacent to each collar (KLL-Mini; SEBA Hydrometrie GmbH & Co. KG, 
Germany). In addition, air temperature at 2 m height and soil temperature (with two 
probes inserted horizontally at 10 cm soil depth) were logged every 10 minutes (TG-
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4080 & TG-4520; Gemini Data Loggers UK Ltd., UK) at both stands. Historical rainfall 
and air temperature data were obtained from Rockchapel and Mount Russell 
climatological stations respectively (Met Éireann, Data licensed under a Creative 
Commons Attribution-ShareAlike 4.0 International licence). 
Vertical fine root analysis 
In July 2015, nine soil samples were taken along a line transect within each study site. 
Samples were taken in the flat area of the forest floor at 1.9 m intervals and alternating 
samples were used for soil and root analysis. Following Jeglum et al. (1991), a modified 
sampler was used to extract continuous volumetric soil cores (7.0 × 7.5 cm) samples. 
For the extraction of the five odd-numbered core samples, the sampler was gently 
pushed into the soil. Then, using a sharp knife, soil and roots were pre-cut through the 
entire L and F layers. Soil cores were divided into ten segments at the following depths 
:0.0–2.5, 2.5–5.0, 5.0–7.5, 7.5–10.0, 10.0–12.5, 12.5–15.0, 15–20, 20–30, 30–50 and 
50–80 cm, sealed in plastic bags and kept at –18oC until processed. Living roots were 
manually sorted and fine roots < 2 mm were washed to remove soil. Total fine root 
length was calculated using the modified line intersect method (Tennant 1975). Roots 
were then oven-dried for 72 hours at 65ºC to assess fine root dry biomass. The results 
were scaled up to site level. 
Soil sampling 
The four even-numbered soil samples were used to assess the soil properties. After 
removing the litter layers, a peat core of 30 cm depth was extracted, producing 
minimum compaction, and divided into three 10 cm sections. Samples were sealed in 
plastic bags and within 24 hours, one of the cores was processed to measure pH. Around 
10 g of wet soil were mixed with 25 mL of distilled water, briefly shaken and left 
standing for two hours before measuring pH (Urbanová and Bárta 2016). The other 
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samples were broken manually and dried at 105oC for 24 hours. Bulk density was 
calculated for every 10 cm interval. Oven dry samples were ground using a 2 mm sieve. 
Thereafter, two bulked samples from each soil depth interval were used to determine 
ash and C content in an elemental analyser (according to EN 15104:2011 standards). 
Soil C stocks were then calculated for each soil depth interval and for the soil profile up 
to 30 cm. 
3.3.4. Statistical and data analysis 
Soil T and WT values were tested for normality and homogeneity of variance using the 
Kolmogorov–Smirnov and the Lavene’s tests. Statistical differences in the measured 
variables between sites were assessed with parametric tests (i.e. independent t-test) for 
normally distributed data and with non-parametric tests (i.e. Mann–Whitney U test) for 
non-normally distributed data. Air temperature gaps (February 22–March 8, 2014; 
October 23–November 7, 2014 and December 12, 2014–March 31, 2015 and April 29–
May 5, 2015) and soil T gaps (September 21–24, 2014; February 22–March 8, 2015), 
due to data logging failure, were filled using linear regressions analysis using the Mount 
Russell weather station as reference values. Daily WT values between consecutive 
measurements were filled by linear interpolation. 
Soil CO2 effluxes were not normally distributed. Therefore, statistical differences 
among different depth treatments, within the same site, were tested with the non-
parametric Kruskal–Wallis tests. In order to assess possible differences between depth 
treatments, pair-wise comparisons between all depth treatments were conducted with 
the Mann–Whitney U test. Using the same statistical approach, mean CO2 effluxes 
between both sites were also compared. 
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Several single and multiple nonlinear regression models were tested to study the 
relationships between soil respiration, soil T and WT. From these models, the best 
single nonlinear models for the studied dataset were, 
=           (3.4) 
= +          (3.5) 
=   −0.5        (3.6) 
where y is the measured soil CO2 flux rate, T is the measured soil temperature over the 
0–10 cm thickness of the soil, WT is the measured water table depth, ai, bi and WTi are 
specific-fitted parameters determined using least squares nonlinear regression for each 
one of the equations tested. Multiplicative and additive combinations of the exponential 
function (Eq. 3.4) and both the linear (Eq. 3.5) and the Gaussian form equation (Eq. 3.6) 
were also tested. 
To assess the effect of a specific collar insertion depth on mean hourly soil CO2 




1 +                                                                                                                       (7) 
where Rd is measured mean hourly soil CO2 efflux for an specific collar insertion depth, 
d is the collar insertion depth, ai, bi and ci are parameters calculated by nonlinear 
regression for each specific site. 
Mean annual soil CO2 efflux for each insertion depth treatment was simulated 
using the best-fit models. Total annual soil CO2 efflux was estimated by summing 
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simulated hourly values. The relationship between soil respiration values and collar 
insertion depths was examined by nonlinear regression analysis. Finally, the 
relationship between the root-derived CO2 efflux and the amount of cut roots was also 
studied by regression analysis. All raw data were processed with EXCEL 2010; 
statistical analyses were performed using SPSS 22.0 (IBM Corp., Armonk, NY, USA) 
and all regressions analysis and graphs were conducted using SigmaPlot 12.0 (Systat 
Software Inc. USA). All the statistical tests were realized at the P = 0.05 significance 
level. 
3.4. Results 
3.4.1. Seasonal variation of soil temperature and water table depth 
Daily mean air temperature throughout the study period varied between –0.2 and 
19.9ºC. Soil temperature at 10 cm depth varied from 3.8 to 14.6ºC in the Sitka spruce 
stand and from 2.7 to 15.8ºC in the lodgepole pine stand. None of the studied 
temperatures was normally distributed. No significant differences in air (P = 0.30) and 
soil (P = 0.39) temperatures were found between the two stands. Mean air and soil 
temperatures were 10.2 and 8.9ºC, respectively. Both air and soil temperature showed 
the same clear seasonal trend, increasing gradually into the summer months and 
decreasing thereafter (Figure 3.1). However, sudden fluctuations (i.e. cooler days) 
occurred in July and mid-August. Rainfall occurred in every month and it did not show 
clear seasonal fluctuations. Water table depth followed a similar trend to monthly 
rainfall and daily values varied in the range 20–96 cm. Mean WT values were 52 and 54 
cm for the spruce and pine stands, respectively. Water table was normally distributed in 
the Sitka spruce stand but not in the lodgepole pine stand. Parametric and non-
53 
 
parametric tests concluded that daily WT values were not significantly different 
between the two stands (P = 0.83). 
 
Figure 3.1 Environmental variables measured at the Sitka spruce (SS) and lodgepole 
pine (LP) sites. a) Mean hourly air temperature. Due to data logging failure, air 
temperature gaps occurred from mid-December to mid-May. These gaps were filled 
using linear regressions analysis using the Mount Russell climatological station (c. 35 
km east of the study sites) as reference values. Interpolated data in the two sites were 
almost identical. b) Mean hourly soil temperature measured at 10 cm depth. c) Daily 
water table depth (measured from the soil surface to the nearest cm) and daily rainfall 
measured at Rokchapel weather station (c. 2 km south of the study sites). Measurement 




3.4.2. Collar insertion depth effects on RTOT 
Soil CO2 efflux decreased with each collar depth increment at both stands. In all cases, 
most of this reduction was accounted for by the first insertion depth (5 cm) followed by 
the second insertion depth (10 cm). Results from the Kruskal–Wallis and the Mann-
Whitney U tests (Figure 3.2) showed that the surface collar treatment was statistically 
different from all the insertion depths at both stands. Moreover, pair-wise comparisons 
between insertion depths showed statistical differences between insertion depths of 5 
and 45 cm at both stands. However, there were no statistical differences among the 
other insertion depths in any of the stands. Therefore, mean values of soil CO2 efflux 
between insertion depths 10–45 cm for each measurement day were calculated for each 
stand. It was assumed that this mean value from the five insertion depths was RH. 
 
Figure 3.2 Comparison of mean hourly soil CO2 effluxes (±SE) from the surface collar 
(0 cm) and the six collar insertion depths in a) Sitka spruce (SS) site (n = 156) and b) 




Soil respiration reductions varied between 35–78% and 22–73% at the Sitka 
spruce and lodgepole pine stands, respectively. Collar insertion depths of 5 cm reduced 
RTOT on average by 47 and 32% in the spruce and pine stands, respectively. By using 
trenching collars (insertion depths 10–45 cm), RTOT was reduced on average by 54% in 
the Sitka spruce stand and by 40% in the lodgepole pine stand. These reductions are 
assumed to be the RA component of RTOT. Soil respiration from trenched plots increased 
temporarily during the first two months and decreased thereafter (Figure 3.3). Mean soil 
CO2 efflux (from 10 to 45 cm insertion depths) measured during these months was on 
average 66 and 31% greater than emissions from the surface collar in the spruce and 
pine stands, respectively. In May, mean soil CO2 emissions from these five insertion 
depths declined by 25 and 16% (compared to the surface collar emissions) at each stand, 
respectively. Mean monthly soil respiration reductions showed a significant linear 
increase throughout the study period at both stands (P<0.01). Mean hourly soil CO2 
efflux was very well correlated with collar insertion depth at both stands (Figure 3.4a). 
Fitting parameters are shown in Table 3.2. 
Table 3.2 Dependency of soil respiration on collar insertion depth described by a 
rational nonlinear regression with three parameters (Eq. 3.7) for each site. 
Site Model # 
Parameters 
R2 
ai bi ci 
Sitka 























Figure 3.3 Mean monthly soil CO2 efflux (from autotrophic respiration) calculated as 
the difference between the surface measurement and the mean of the six insertion 
depths at the Sitka spruce (SS) and lodgepole pine (LP) sites. The dashed line indicates 
three months of waiting period after the experimental site setup and data that was 
discarded and not used in the soil respiration modelling. Error lines represent standard 
error of the mean. Regressions lines show a small linear increase in estimated RA found 
throughout the study period. 
 
Figure 3.4 Collar insertion depth effects on a) soil CO2 efflux (n = 156), b) cumulative 
root length (n = 5) and c) cumulative dry root biomass (n = 5) at the Sitka spruce (SS) 




3.4.3. Soil respiration and seasonal variation 
Mean hourly (± SE) RH emissions were 0.19 ± 0.02 and 0.17 ± 0.01 g CO2 m-2 h-1 for 
the spruce and the pine stands, respectively. On the other hand, estimated mean hourly 
RA (± SE) were 0.23 ± 0.02 and 0.11 ± 0.01 g CO2 m-2 h-1 for each stand, respectively. 
In the Sitka spruce stand, annual CO2 was simulated using an additive model of the 
temperature exponential function and the WT Gaussian function as this combination 
gave the best fit in all cases (Table 3.3, Figure 3.5). Annual RTOT and RA in the 
lodgepole pine stand were simulated following the same procedure. However, among 
the nonlinear equations producing models with statistically significant parameters, an 
additive model of the temperature exponential function and the WT linear equation was 
the best approach to simulate annual RH at the pine stand. Multiplicative approaches 
resulted in non-significant parameters, large standard error of the estimates and non-
valid models for all component fluxes at both stands. In the Sitka spruce stand, 
estimated annual RH and RA for the period June 1, 2014–May 31, 2015 were 1,715 and 
2,099 g CO2 m-2 y-1, respectively. In the lodgepole pine stand, the estimates for these 
soil respiration components were 1,600 and 977 g CO2 m-2 y-1, respectively. Both, RH 
and RA rates were significantly higher (P<0.05) in the Sitka spruce stand than in the 




Table 3.3 Model parameters ± standard error of the estimates, root mean square errors (RMSE) and coefficients of determinations (R2) for the 
model combinations of soil temperature measured at 10 cm depth (T) and water table depth (WT) assessed for total soil respiration (RTOT), 
heterotrophic respiration (RH) and autotrophic respiration (RA) in the two study sites 
                    
Site Treatment plot Model 
Parameters 
RMSE R2 
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Figure 3.5 Measured (symbols) and simulated (lines) total soil respiration (RTOT), 
heterotrophic respiration (RH) and autotrophic respiration (RA) at the a) Sitka spruce 
(SS) and b) lodgepole pine (LP) sites from March 2014 to July 2015. Each measured 
RTOT and RH value is the mean value of three measurements (three surface collars) and 
15 measurements (five insertion depths by three replications) respectively. Estimated 
RA values were calculated as mean RTOT – mean RH for each measurement day. Data on 
the left of the solid line indicates measured RTOT and estimated RH and RA values that 




3.4.4. Vertical fine-root distribution 
Fine root length decreased exponentially with soil depth (Figure 3.4b). Total fine root 
lengths (± SE) were 9.43 ± 1.88 and 5.17 ± 2.29 km m-2 at the Sitka spruce and the 
lodgepole pine stands, respectively (Table 3.4). Approximately, 68 and 55% of 
measured fine root lengths were found within the top 5 cm of soil (including L/F 
layers), in the spruce and pine stands, respectively. Fine root biomass followed the same 
pattern, decreasing exponentially with depth (Figure 3.4c). Total dry root biomass for 
the Sitka spruce and the lodgepole pine stands were 1,303 ± 272 and 549 ± 164 g m-2, 
respectively. Around 43 and 38% of fine root biomass was located within in the 0–5 soil 
layer in the spruce and pine stands, respectively. Almost 100% of total measured fine 
root length and over 96% of all measured dry root biomass were found in the upper 30 
cm of the soil profile. Root respiration was very well correlated with cumulative root 
length and dry root biomass at both stands. In all cases, a modified hyperbolic decay 
function gave the best fit (Figure 3.6). 
3.5. Discussion 
3.5.1. Collar insertion depth effects on soil respiration 
Using collars for measuring soil respiration in closed chamber systems relies on two 
main assumptions. Firstly, collars are assumed to prevent any lateral soil-gas leakage 
beneath the chamber’s walls (Healy et al. 1996, Hutchinson and Livingston 2001) and 
secondly, the collar insertion excises all living roots, thus supressing the RA component 
efflux within the trenched area (Lee et al. 2003). Although the use of deep collars while 
measuring RH are a must and ensures that these assumption are fulfilled (Minkkinen et 
al. 2007), the results presented here support Heinemeyer et al. (2011) hypothesis and 
suggest that even the insertion of shallow collars should be completely avoided when 
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measuring RTOT or estimating RA. In this study, trenching collars reduced mean hourly 
RTOT by 54 and 40% in the Sitka spruce and lodgepole pine stands, respectively. Most 
of this reduction was accounted for by the first insertion depth (5 cm). Heinemeyer et al. 
(2011) reported a mean soil respiration reduction of 15% when collars were inserted 
only a few centimetres. Moreover, the same authors reported reductions up to 50% at 
times of highest soil respiration activity. In the current study, maximum soil respiration 
reductions accounted for were 77 and 68% in the spruce and pine stands, respectively. 
Table 3.4 Vertical fine root distribution (<2 mm) in the Sitka spruce and lodgepole pine 
sites 
Root length 
(km m-2) Sitka spruce lodgepole pine 
Depth (cm) Mean SE % Mean SE % 
0.0–2.5 3.97 0.40 42.1 1.06 0.22 20.6 
2.5–5.0 2.49 0.57 26.4 1.78 0.75 34.5 
5.0–7.5 1.54 0.28 16.4 0.76 0.36 14.6 
7.5–10.0 0.71 0.32 7.6 0.75 0.48 14.5 
10.0–12.5 0.40 0.16 5.2 0.28 0.17 5.4 
12.5–15.0 0.19 0.08 2.0 0.23 0.14 4.4 
15–20 0.07 0.04 0.7 0.15 0.09 3.0 
20–30 0.05 0.03 0.6 0.13 0.07 2.6 
30–50 0.02 0.01 0.2 0.02 0.01 0.4 
50–80 0.00 0.00 0.0 0.00 0.00 0.0 
Root biomass 
(g m-2) Sitka spruce lodgepole pine 
Depth (cm) Mean SE % Mean SE % 
0.0–2.5 319 5.9 24.5 55.1 29.6 10.0 
2.5–5.0 241 54.0 18.5 152 37.7 27.6 
5.0–7.5 281 65.3 21.6 132 24.0 24.1 
7.5–10.0 192 59.2 14.7 95.1 35.0 17.3 
10.0–12.5 132 32.1 10.1 38.4 12.8 7.0 
12.5–15.0 59.7 18.7 4.6 20.3 5.2 3.7 
15–20 50.2 24.5 3.8 24.1 8.0 4.4 
20–30 28.6 12.0 2.2 12.7 2.8 2.3 
30–50 0.0 0.0 0.0 19.7 8.6 3.6 
50–80 0.0 0.0 0.0 0.0 0.0 0.0 






Fine root length and biomass at the study sites confirmed global literature data 
on root distribution, with greater root proportions in the top 10 cm of soil, decreasing 
exponentially with soil depth (Jackson et al. 1996). Moreover, the root distribution 
results confirmed that collar insertion depths of 30 cm can completely terminate the RA 
efflux in peatland forests (Mäkiranta et al. 2008). Autotrophic respiration increased 
Figure 3.6 Nonlinear relationship between autotrophic respiration and a) cumulative 
root length and b) cumulative dry root biomass at the Sitka spruce (SS) and lodgepole 
pine (LP) sites 
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exponentially with cumulative fine root length and dry biomass (Figure 3.6). In the 
Heinemeyer et al. (2011) pine site, collar insertion depths of 5 cm cut an average of 1.1 
km m-2 of total fine roots. By contrast, the same insertion depth cut 2.8 and 6.5 km m-2 
of total fine roots in the pine and spruce stands, respectively. This further supports the 
idea that reductions in soil respiration are proportional to the amount of roots severed by 
collars. In addition, although between 12 and 21% of total fine root length and biomass 
was located between 10 and 45 cm soil depth, collar insertion depths from 10–45 cm 
did not noticeably reduce soil respiration. This was also reported by Heinemeyer et al. 
(2011), who did not find a clear further decline in CO2 fluxes with increasing collar 
depths. The shallow root system, and high activity of fine roots found in the study sites 
could be an adaptation of the trees maximising the uptake of nutrients and oxygen from 
these waterlogged nutrient-poor soils. 
In a comparison experiment conducted by Pumpanen et al. (2004) to assess 
differences between soil respiration chambers in several experimental setups, it was 
found that an EGM-1 attached to a SRC-1 performed best without the use of collars. 
The authors determined that on an artificially-created soil (wet fine sand) with an air-
filled porosity of 33%, a known CO2 flux was underestimated by 6%. This 
underestimation was explained by radial soil CO2 leakage below the chamber’s walls. If 
considering a 1.5 cm insertion depth, and using Eq. 3.7 in combination with the fitted 
parameters presented in Table 3.2, it is possible to estimate that mean hourly RTOT 
would be 0.28 and 0.22 g CO2 m-2 h-1 in the spruce and pine stands, respectively. 
Therefore, measured RTOT would have been underestimated by 35 and 20% in each 
stand, respectively. Furthermore, if it is assumed that the 6% underestimation found by 
Pumpanen et al. (2004) was the possible leakage occurring in this study, it is possible to 
conclude that the use of shallow collars would have produced a greater soil respiration 
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underestimation than the possible lateral soil-gas leakage. Thus, it is recommended that 
collars should not be inserted when measuring RTOT or estimating RA in afforested 
peatland experiments or other ecosystems with shallow root systems. To minimize 
lateral CO2 leakage, permanent surface collars anchored in the soil would be 
recommended (Heinemeyer et al. 2011). 
3.5.2. Factors controlling soil respiration 
As reported in previous studies, soil T was the main factor regulating soil CO2 efflux 
(Saiz et al. 2006b, Mäkiranta et al. 2008). Soil respiration showed pronounced seasonal 
variation. The highest respiration values were recorded during the summer months, after 
which soil respiration gradually decreased towards the winter months. Water table depth 
had a smaller but significant effect on soil respiration. These results show that 
maximum RTOT occurred when WT was approximately 85 and 76 cm at the spruce and 
pine stands, respectively (Table 3.3 and Figure 3.7). Total soil respiration decreased for 
deeper WT values (drier soil conditions) and it also decreased for shallower values 
(wetter conditions examined). This finding further supports the idea that there is an 
optimum WT for maximum soil respiration (Tuittila et al. 2004, Mäkiranta et al. 2009). 
Although soil moisture was not measured in this study, previous studies in mineral soils 
found that this variable also controls soil respiration rates (Ryan and Law 2005, Saiz et 
al. 2006b, Heinemeyer et al. 2011). 
Trenching collars interrupt the lateral water movement and therefore soil 
moisture content within the collars may increase (Subke et al. 2006, Heinemeyer et al. 
2011). Thereby, soil moisture conditions within the trenched area might have been 
wetter than under the surface collars, even though the WT measurements would not 
have detected these differences. This artefact may have increased soil respiration values 
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during the drier months but also decreased the respiration rates during wetter months. 
Despite this, previous research found that differences in soil moisture between the inside 
and outside the trenched area were not significant (Lee et al. 2003, Saiz et al. 2006a, 
Mäkiranta et al. 2008, Dijkstra et al. 2017). Moreover, mean measured soil CO2 efflux 
was not significantly different among insertion depths of 10–45 cm. This result would 
support the hypothesis that soil moisture content within the trenched area was not 





While minimum momentary RTOT values recorded in the study sites  match those 
of previous research, maximum momentary effluxes differed greatly from them (Litton 
et al. 2003, Zerva and Mencuccini 2005, Saiz et al. 2006b). The greater values recorded 
in Irish sites could be for many reasons: age, root biomass, spatial location, weather 
conditions, moisture regimes and soil C content among others (Ryan and Law 2005, 
Figure 3.7 Additive combined effect of soil temperature and water table depth on total soil 
CO2 efflux for the a) Sitka spruce and, b) lodgepole pine sites. Mean optimum water table 
depth for this treatment plots were 85 and 76 cm for each site respectively. Within each site, 
black dots represent measured values of total soil respiration. 
66 
 
Wang et al. 2006, Zhou et al. 2013). Nevertheless, these differences could be also due 
to the use of shallow collars. Although these authors specify that collar insertions of 1–3 
cm produced minimal or no damage to the root systems, these statements were based 
only on visual inspections and not on the determination of fine root biomass from the 
soil surface to those specific soil depths. Therefore, a possible underestimation of RTOT 
due to reductions in the RA efflux cannot be dismissed. Despite taking maximum 
precautions, even shallower collars may damage mycorrhizal fungal hyphae, which may 
die when severed and thus, reduce the RA component efflux (Heinemeyer et al. 2007, 
Heinemeyer et al. 2011).  
3.5.3. Soil respiration partitioning 
Simulated annual RTOT in the Sitka spruce and lodgepole pine stands were 3,814 and 
2,578 g CO2 m-2 y-1, respectively. Previously simulated annual RTOT values for 
afforested peatland in Ireland varied between 367 and 953 g CO2 m-2 y-1 (Byrne and 
Farrell 2005). This discrepancy in RTOT values could be attributed to two main factors. 
Firstly, it is very likely that the soda-lime method used by Byrne and Farrell (2005) to 
estimate daily soil CO2 emissions may have underestimated this efflux. Secondly, it is 
possible that the collar insertion of 2 cm may have severed the shallow root system and 
the mycorrhizal fungal hyphae, leading to underestimation of the RA efflux .In addition, 
annual RTOT reported for a lodgepole pine stand in a raised peat-bog in central Scotland 
was 1,650 g CO2 m-2 y-1 (Yamulki et al. 2013). In this experimental setup, static 
chambers were inserted 3 cm into the soil. Consequently, an underestimation of the RA 
component cannot be excluded. The results presented here suggest (using Eq. 3.7 and 
the lodgepole pine fitted parameters from Table 3.2) that the collar insertion of 3 cm 
could have underestimated annual RTOT by 27%, bringing the “annual true RTOT value” 
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(after correcting for this underestimation) to 2,260 g CO2 m-2 y-1. Pumpanen et al. 
(2004) concluded that static chambers seem to underestimate fluxes by 4–14% and 
therefore this “annual true RTOT value” would probably be somewhere in the range 
2,354–2,628 g CO2 m-2 y-1, similar to the annual RTOT value reported from the Irish pine 
stand. 
Annual RH was 1,715 and 1,600 g CO2 m-2 y-1 in the spruce and pine stands, 
respectively. The slightly higher annual RH value in the spruce stand could be due to 
higher mineral content in the topsoil (Table 3.5) as found by Minkkinen et al. (2007) in 
a boreal peatland forest experiment. While annual RH between sites was very similar, 
annual RA component was much greater in the Sitka spruce than in the lodgepole pine 
site, representing approximately 54 and 34% of annual RTOT in the spruce and pine sites 
respectively. The spruce stand had almost twice as many fine roots as the pine stand. 
This larger amount of roots and greater RA efflux could explain the higher productivity 
of Sitka spruce over lodgepole pine (Farrell and Boyle 1990). 
Table 3.5 Soil properties. Description included bulk density (BD), ash content, carbon 
content (C), soil carbon stocks (SCS) and pH, by site and by depth 
Depth 
(cm) 
















(t C ha-1) pH 
L/F n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
0-10 0.13 13.6 48.6 63.2 3.43 0.10 3.5 52.7 52.7 3.73 
10-20 0.12 4.6 55.9 67.1 3.55 0.11 2.3 53.5 58.8 3.73 
20-30 0.10 3.4 57.4 57.4 3.57 0.11 1.4 55.0 60.5 3.68 
0-30 0.12 7.2 54.0 187.6 3.52 0.11 2.4 53.7 172.1 3.71 
n.d. not determined 
3.5.4. Variation in soil respiration reductions 
It is likely that as a result of inserting the collars in February, a peak of soil CO2 
emissions occurred in March and April and the emissions from the trenched plots 
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exceeded those from the non-trenched ones (Figure 3.3). This efflux started decreasing 
in May and these reductions in soil respiration are assumed to be the RA component of 
RTOT. These results suggest that roots had been actively respiring throughout the whole 
year. Monthly estimated RA showed a small linear increase throughout the study period. 
This continuous trend seems to indicate that decomposing roots were emitting CO2 until 
they finally decayed and the emissions stopped (Hanson et al. 2000, Lee et al. 2003). 
Díaz-Pinés et al. (2010) reported that severed roots in trenched plots were a source of 
extra CO2 and, that over a period of two years, RA increased from 26 to 44% of RTOT. 
By contrast, Lee et al. (2003) found that RA in trenched plots was negligible three 
months after trenching. Nevertheless, monthly RA is also influenced by the seasonality 
and variations in RA could have been affected by this. Another explanation for this trend 
could be that the availability of readily decomposable substrate within the trenched 
plots decreases over time and in consequence the soil biological activity decreases as 
well. Kirschbaum (2004) and Hartley et al. (2007) found that the availability of labile C 
for decomposition is the main limiting factor for RH. Moreover, Heinemeyer et al. 
(2012b) concluded that root exudates are an important source of substrates for soil 
respiration and that the continuous microbial decomposition of root-derived C led to a 
decline in soil CO2 efflux in late summer months. The combination of all these findings 
could partly explain the monthly RH decrease over time. 
3.6. Conclusion 
This study has shown that previous findings on three contrasting ecosystems 
(Heinemeyer et al. 2011) also apply on afforested peatland. Even the use of shallow 
collars may lead to an underestimation of measured RTOT and estimated RA values in 
ecosystems with shallow root systems such as peatland forests. Collar insertion depths 
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of 5 cm may irreversibly decrease the RA component in these ecosystems. Therefore, 
the common assumption that shallow collar insertions are needed to avoid soil lateral 
gas leakage should be reconsidered. This study has demontrated that soil respiration 
reductions due to shallow collar insertions may be greater than possible CO2 leakage 
from lateral diffusion of soil gas as a result of not using collars. To decrease possible 
lateral soil-gas leakages, the use of surface collars anchored in the soil or other 
measures that block soil pores (e.g. heavy collars set onto ring of resin) is suggested. 
However, if shallow collars insertion are required in specific locations, it is 
recommended that reliable information about the root system for a specific study site 
should be gathered prior to choosing a suitable collar insertion depth as the selected 
depth should prevent any lateral soil-gas leakage but at the same time, it should avoid 
severing the root system and fungal hyphae. These findings also suggest that previous 
studies in which the authors took the maximum precautions to avoid severing roots 
during shallow insertions may nevertheless have damaged shallow fungal hyphae and 
fine roots. Therefore, previously reported values of RTOT and RA from experimental 
setups where shallow collars were used may have been underestimated. These values 
should thereby be interpreted carefully and revised accordingly. 
3.7. Acknowledgments 
We gratefully acknowledge the Department of Agriculture, Food and the Marine and 
the Forestry Research Programme for funding the Additions and refinements to the Irish 
forest carbon accounting and reporting tool (CForRep) project and to Coillte for use of 
sites. We also thank Dr. Richard Lane for his assistance in setting up the study sites and 
also Síle-Caitríona O'Callaghan and Carolina Melo for helping with taking soil samples 





4. Peat respiration in afforested 
peatlands in Northwest 





















In accordance with the United Nations Framework Convention on Climate Change, the 
Kyoto Protocol and the Parish Agreement (COP21), soil carbon dioxide (CO2) 
emissions due to drainage of peatland forests need to be reported annually. Although 
default Tier 1 emission factors (EFs) may be used when there is a lack of country-
specific data, countries are encouraged to move to higher-tier reporting systems. In this 
study, a trenching experiment to measure CO2 emissions from the decomposition of 
peat (RP) in eight drained sites was used to develop RP emissions to update the 
“Ireland’s GHG National Inventory Report for the period 1990–2013”. The results 
showed that although soil temperature was the main controlling factor of RP the 
inclusion of water table level to the models increased on average the explanatory power 
of the models by 11%. The CO2-C emissions from RP developed in this study varied 
from 2.11 (±0.06) to 4.07 (±0.28) t CO2-C ha-1 y-1. The mean CO2-C emissions from RP 
for drained afforested peatland in temperate conditions was 3.3 t CO2-C ha-1 y-1 which is 
5.5 times greater than the currently used RP value in the Irish reporting system for this 
land use category. Moreover, this study also provides two models able to simulate the 
temporal and spatial variation of RP at a regional or national level. Due to the 
importance of water table level on the simulation of RP, it is recommended that this 
variable should be measured more often and included in national inventories of 
afforested peatland. 
Key words: soil respiration, heterotrophic respiration, soil CO2 efflux, Sitka spruce, 




Carbon dioxide (CO2) is the most important anthropogenic greenhouse gas (GHG) 
contributing to climate change (IPCC 2007). The combined radiative forcing of GHG 
increased by 7.5% from 2005 to 2011 with CO2 accounting for 80% (Hartmann et al. 
2013). Moreover, the atmospheric concentration of CO2 has significantly increased 
from 317 ppm in 1958 to 407 ppm in 2016 (Keeling et al. 2001). The main contributors 
to this CO2 increase are fossil fuel combustion, cement production and land use changes 
(including deforestation, reforestation and afforestation) (Hartmann et al. 2013). 
Cumulative anthropogenic CO2-C emissions since the industrial era (1870–2015) are 
approximately 555 Pg C and about 26% of total C emitted corresponds to land use 
change activities (Le Quéré et al. 2015). 
Soil is the largest terrestrial pool of organic C worldwide with 1,500–2,400 Pg C 
in the upper 100–200 cm of the soil (Batjes 2014). Of this, approximately 547 Pg C is 
stored in northern peatlands and organic soils (Yu et al. 2010) covering about 3% of the 
Earth’s land surface (Parish et al. 2008). In natural conditions, the anaerobic conditions 
of peatlands preserve accumulating organic matter from plant litter and thereby act as C 
sinks (Yu et al. 2010). However, when peatlands are drained for other land uses such as 
peat extraction, agriculture or forestry, the soil becomes aerobic and the peat starts to 
decompose emitting large amounts of CO2 (Parish et al. 2008). Joosten (2010) 
estimated that approximately 50 million ha of peatlands worldwide are drained. The 
same authors also estimated that drained peatlands are significant contributors to global 
CO2 emissions and that their annual CO2 emissions (including peat fires) surpass 2 Pg. 
In northern biomes, approximately 15 million ha of natural peatlands have been 
drained for forestry (Paavilainen and Päivänen 1995). These ecosystems have great 
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importance in global carbon cycling and they can act as sinks or sources of CO2 
depending on the balance between photosynthesis and ecosystem respiration 
(Hargreaves et al. 2003, Houghton 2005, Saiz et al. 2006a). Soil respiration represents 
between 45 and 95% of total ecosystem respiration (Law et al. 1999, Janssens et al. 
2001, Yuste et al. 2005, Davidson et al. 2006a) and it is the largest gaseous exchange of 
C between the soil and the atmosphere (Ryan and Law, 2005). Soil respiration consists 
of: (a) autotrophic respiration (RA) (root and associated mycorrhiza respiration) and (b) 
heterotrophic respiration (RH), which includes decomposition of newly deposited litter 
(RL) and oxidation of older soil organic matter or peat (RP) (Heinemeyer et al. 2011). 
The main controlling factors of soil respiration are soil temperature and soil moisture 
(Byrne and Kiely 2006, Saiz et al. 2006b). Moreover, recent research has found that in 
mineral soil the content and properties of soil organic carbon (SOC) have a strong 
controlling effect on annual soil respiration (Wang et al. 2006, Luan et al. 2012, Zhou et 
al. 2013, Lecki and Creed 2016). Spatial variation in soil respiration is also influenced 
by water table level (WL)(Mäkiranta et al. 2009), litter fall (Bowden et al. 1993, 
Mäkiranta et al. 2008) soil bulk density (BD) (Saiz et al. 2006b, Ngao et al. 2012) and 
pH (Wang et al. 2013). 
In accordance with the United Nations Framework Convention on Climate 
Change (UNFCCC 1992),the Kyoto Protocol (UNFCCC 1997) and the more recent 
Parish Agreement (COP21), soil C stocks (SCS), rates of change and their associated 
GHG emissions need to be monitored and reported annually by signatory countries. In 
organic soils, CO2-C emissions/removals are reported using CO2-C emission factors (in 
t CO2-C ha-1 y-1; EFs) (IPCC 2003, 2006, 2014). The Intergovernmental Panel on 
Climate Change (IPCC (2014) established the need to disaggregate CO2-C EFs between 
off-site losses (e.g. leaching of dissolved organic C; CO2-CDOC), anthropogenic peat 
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fires (Lfire-CO2-C) and on-site emissions (e.g. RP effluxes minus litter inputs; CO2-Con-
site). The choice of specific EFs within the Tier 1 (i.e. default values to estimate net 
emissions) depends on land use categories and climate zones (IPCC 2014). Default EFs 
for temperate drained afforested peatlands range between 2.0 and 3.3 t CO2-C ha-1 y-1 
(IPCC 2014). However, these EFs are based on data from eight sites only (Figure 4.1) 
and the uncertainty associated with these default values is a concern. Moreover, the 
Yamulki et al. (2013) study used by IPCC (2014) to derive these EFs has been 
questioned (Artz et al. 2013) and seven out of the eight study sites were located in the 
hemiboreal zone. 
Between 46 and 51% of total afforestation in Ireland during the period 1990–
2005 was established on organic soils (Black et al. 2008). Moreover, it has been 
estimated that approximately 440,000 and 500,000 ha of peatlands have been drained 
and afforested in Ireland (Renou-Wilson and Byrne 2015) and the United Kingdom 
(Hargreaves et al. 2003) respectively. Moving from Tier 1 to regional-specific and 
higher-Tier GHG reporting values is highly desirable when large areas are affected by 
land use changes (IPCC 2006, Wilson et al. 2015) such as drainage and afforestation of 
natural peatlands. The same authors also recommend developing strong Tier 2 values 
for different land use categories and climate regions. The Ireland’s GHG National 
Inventory Report for the period 1990–2013 presented by Duffy et al. (2015), 
disaggregate between RP emissions (i.e. 0.59 t CO2-C ha-1 y-1,) and a decomposition 
factor for new litter input and the existing litter pool (i.e. 0.14). Duffy et al. (2015) 
estimated this RP factor from Byrne and Farrell (2005) who reported that soil respiration 
in afforested blanket peat in Ireland varies between 1 and 2.7 t CO2-C ha-1 y-1. However, 
these values cannot be considered EFs as they include RP, RA and RL and they are much 
lower that other reported RTOT values in temperate and boreal regions. To date, no work 
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has been conducted in temperate conditions to partition soil respiration and to assess 
CO2-C emissions from RP in afforested peatland.  
The objectives of this study were to: (i) measure CO2-C emissions from RP; (ii) 
analyse the factors causing temporal and spatial variation in RP; (iii) develop an 
empirical model for upscaling RP to regional and national level and, (iv) update national 
CO2-C emissions for Ireland by applying improved CO2-C values from RP, in afforested 
organic soils. 
4.3. Material and Methods 
4.3.1. Site description 
The study sites were located on the Mullaghareirk mountains in north-west County 
Cork, in southern Ireland (Figure 4.1). The climate is cool wet temperate maritime, with 
mean air temperature and mean annual rainfall of 10.2ºC and 1,600 mm respectively 
(Mount Russell and Rockchapel weather stations, Met Éireann, Irish Meteorological 
Service). The sites investigated (Table 4.1) were a chronosequence of Sitka spruce 
(Picea sitchensis (Bong.) Carr.) plantation, with seven sites aged 18–44 years and 
lodgepole pine (Pinus contorta Dougl.) site aged 23 years. The soil at the study sites 
was a poorly drained Histosol (IUSS Working Group WRB 2015), with peat depths in 
the range 0.6–1.5 m. All sites were first-rotation plantations except site SS18. Prior to 
afforestation, soil preparation included single- and double-mouldboard ploughing or 
mounding. It also included the digging of surface drains or furrows (30 cm deep) and in 
some of the sites, also the digging of deeper drains (80-100 cm deep). Trees were 
planted on top of the ploughed ridges or mounds. Some of the sites were thinned and 
stocking densities varied between 1,733 and 3,000 trees ha-1. On the younger sites and 
on the thinning lines, the vegetation was represented by patches of bilberry (Vaccinium 
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myrtillus L.) and large areas covered by Sphagnum spp. Ground vegetation under closed 
canopy in all stands was composed of mosses (Hylocomium splendens, Pleurozium 













4.3.2. Experimental design and measurement of RP 
At each site, seven subsites were established during January and February 2014. To 
cover the spatial variation within each site, three subsites were established in the 
undisturbed ground, two in the furrows and two in the ridges. At mounded sites, the 
ridge microtopography was substituted by locations within tree-lines. Subsites were 
Figure 4.1 Location of the Irish study sites (star) and the eight sites used by the IPCC 
(2014) to derived soil Tier 1 default values for temperate afforested peatland: circle = 
Yamulki et al. (2013); square = Arnold et al. (2005), von Arnold et al. (2005); triangle = 
Minkkinen et al. (2007) and; pentagon = Glenn et al. (1993). Notice the different scale 
bars used for each frame view. In each case, scale bars represent 1:1,000 km. 
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separated from each other by at least 3 m and they were located within an area of 20 × 
20 m. Each subsite consisted of a 32 cm long PVC cylindrical collar (inner diameter of 
15.4 cm) permanently inserted 30 cm into the peat. In order to measure emissions from 
peat decomposition only, newly deposited litter was removed from each trenching collar 
and aluminium nets (1.0 mm mesh size) were used to prevent accumulation of fresh 
litter inside the collar. In Chapter 3 was proved that the trenching depth of 30 cm was 
sufficient to exclude the entire RA component by severing all fine roots inside the collar 
and that the PVC collars prevented any root regrowth inside them. 
Peat respiration was measured weekly or fortnightly from June 2014 until mid-
February 2016 using a portable infrared gas analyser attached to a closed chamber of 
2,755 cm3 (diameter 15.4 cm, height 14.8 cm) (EGM-4 and modified SRC-1; PP 
Systems Ltd., UK). The lower end of the chamber had an inner diameter of 16.1 cm and 
had a rubber ring inside it. After removing the nets, the chamber was attached to the 
collar by fitting the lower end of the chamber over the 2 cm collar lip thereby ensuring 
an airtight seal. Thereafter, the EGM-4 measured the linear CO2 concentration (in ppm) 
increase inside the chamber over a period of 81 s and converted this increase into g CO2 




Table 4.1 General site features. Description included stand mean diameter at breast height (mean dbh) and stand basal area (ba). 
Site 
code 





















(m-3 ha-1 y-1) 
Area 
(ha) 
SS18 52°20'43.20'' 9°6'30.02'' 1997 Mounded 360 18 2.1 3,000 13.6 43.5 16 2.4 
SS24 52°18'00.85'' 9°9'28.94'' 1991 Mounded 293 24 4.4 2,767 15.4 51.8 14 20 2 
SS27 52°19'58.01'' 9°8'15.48'' 1988 Double ploughed 243 27 4.6 2,469  18.2  63.9  16 22.7 
SS28 52°19'04.50'' 9°8'14.23'' 1987 Single ploughed 319 28 4.8 1,733 26.2 93.4 20 18.8 
SS39 52°17'57.06'' 9°9'41.72'' 1976 Double ploughed 288 39 4.1 2,345  n.d.  n.d.  14 9.6 
SS43 52°20'43.20'' 9°6'30.02'' 1972 Double ploughed 317 43 2.3 2,133 18.3 55.8 10 3.2 
SS44 52°19'50.40'' 9°4'01.55'' 1971 Single ploughed 358 44 2.2 1,733 20.5 72.6 10 3.8 
LP23 52°18'16.60'' 9°8'56.55'' 1992 Mounded 287 23 1.8 2,500 16.4 52.5 12 4.2 
n.d. not determined. Subscript numbers under the site code correspond to number of years since planting (in 2015). Sites SS27 and SS39 were clearfelled 




4.3.3. Measurement of environmental variables 
Simultaneously with RP measurements, soil temperature at 10 cm depth (T10) was 
measured in triplicate next to each collar (HD-2307.0 & TP-473 P.O; Delta OHM 
S.r.L., UK). At the same time, and adjacent to each collar, water table level (WL) was 
measured in vertical porous plastic tubes inserted 100 cm into the soil. Water table level 
was measured from the ground surface (±1 cm) using an electric contact meter (KLL-
Mini; SEBA Hydrometrie GmbH & Co. KG, Germany). In addition, a temperature 
logger and two soil probes, inserted horizontally at 10 cm depth, were installed in each 
site (TG-4520 & PB-5002; Gemini Data Loggers UK Ltd., UK). Temperature was 
logged every 10 minutes and then averaged for hourly and daily values. Precipitation 
and air temperature data were obtained from Rockchapel and Mount Russell 
climatological stations respectively (Met Éireann, Data licensed under a Creative 
Commons Attribution-ShareAlike 4.0 International licence). 
4.3.4. Soil sampling and analysis 
During summer 2015, four volumetric peat cores were taken along a line transect at 
each site. Samples were extracted approximately every 2 m, only from the undisturbed 
ground. Prior to sampling, the forest litter was removed. A modified sampler of the 
volumetric peat sampler proposed by Jeglum et al. (1991) was used to extract 
continuous volumetric peat cores of 7.0 × 7.5 × 30 cm depth. The extraction produced 
minimum compaction and the peat cores were then divided into three 10 cm long 
sections. Samples were placed in zipper plastic bags and stored at 4ºC. Within one day 
and following Urbanová and Bárta (2016), soil pH was measured by mixing 10 g of 
peat with 25 ml of distilled water. Soil BD was calculated for every 10 cm depth 
interval by dividing the dry mass (at 70ºC) by the volume of fresh samples. Oven-dry 
81 
 
samples were ground in a rotor mill to pass through a 2 mm sieve. Two bulked samples 
from each soil depth interval were used to assess soil organic C (SOC) and Nitrogen (N) 
content in an elemental analyser (according to EN 15104:2011 standards). In addition, 
moisture and ash content were determined according to the EN 14774-3:2009 and EN 
14775:2009 standards respectively. Soil C stocks (SCS) were then calculated for each 
interval depth and for the soil profile to 30 cm depth. 
4.3.5. Data analysis and modelling 
Daily WL gaps between consecutive measurement days were filled by linear 
interpolation. Occasionally, logged soil T10 values were missing due to malfunctioning 
of the equipment and the gaps were filled based on soil T10 data from the nearest site. In 
addition, due to unforeseen circumstances, gaps in soil T10 occurred in all sites for the 
following periods: September 21–24, 2014 and July 07–22, 2015. Missing soil 
temperature data were derived by site-specific correlations between soil T10 at Mount 
Russell weather station and soil T10 at each site. 
To assess differences among microtopographies, measured RP, soil T10 and WL 
values were grouped first by subsite-type within each site. Thereafter, site-specific 
values (mean values of the seven subsites) were calculated for each day. Several simple 
and multiple nonlinear regressions were used to study the relationship between RP, soil 
T10 and WL at each microtopography and also, for the mean site-specific values. The 
relationship between soil CO2 efflux and soil T10 was tested by an exponential function 
with two parameters Eq. 4.1, 
=                                                                                                                           (4.1) 
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where y is the measured soil CO2 efflux rate, T10 is the measured soil temperature at 
10 cm depth and a1 and b1 are fitted parameters greater than 0 obtained by nonlinear 
regression analysis. 
Multiple models that had been previously used to study the relationship between 
soil CO2 efflux and WL were tested for each site: a linear relationship Eq. 4.2 
(Mäkiranta et al. 2008), a sigmoidal relationship Eq. 4.3 (Tuittila et al. 2004), and a 
Gaussian form equation Eq. 4.4 (Mäkiranta et al. 2009). These are: 
= +                                                                                                                          (4.2) 
=  1 + exp −
                                                                                                    (4.3) 
= exp −0.5 
−                                                                                            (4.4) 
where y is the measured soil CO2 efflux rate, WL is the measured water table level, y2 is 
a parameter derived by linear regression, ai, bi and ci are specific-fitted parameters 
determined using least squares nonlinear regression for each of the equations tested. 
Multiplicative and additive combinations of Eq. 4.1 and Eq. 4.2, and of Eq. 4.3 and Eq. 
4.4 were tested to develop site-specific empirical models. In addition, mean daily RP, 
soil T10 and WL values from all sites (mean values of the seven subsites) were 
combined together to develop a model for the entire dataset able to predict RP in 
afforested peatland under similar climatic and environmental conditions. The same 
mathematical approach used to derive site-specific empirical models was used to 
develop the model for the entire dataset. 
Model accuracy and performance were evaluated according to three criteria. 
Firstly, the model parameters had to be statistically significant (p<0.05). Then, the 
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standard error of the estimates had to be as low as possible. Third, the coefficient of the 
determination had to be as high as possible. When two or more models were statistically 
indistinguishable, the-best fit model was evaluated by Akaike's Information Criterion 
(AICc) with a bias-adjustment for finite samples (Eq. 4.5) (Burnham and Anderson 
2004). Also, the statistical performance for modelled RP was evaluated by residual 
analysis of observed versus modelled RP values and by calculating the mean bias (Eq. 
4.6). Finally the model efficiency (MEF) was tested using Eq. 4.7 (Soares et al. 1995, 
Elsgaard et al. 2012). These equations can be described as follows,  
=   × ln + 2 ×  +  
2 ×   ×  ( + 1))




( _ _ − _ _ )                                                                          (4.6) 
= 1 −  
∑ −
∑ −
                                                                                   (4.7) 
where n is the total number of observations, RSS is the residual sum of squares, K is the 
number of parameters in the model, RP_Obs_i is the measured RP efflux, RP_Mod_i is the 
modelled RP efflux and RP_Mean is the mean of the observed RP effluxes. The model with 
the minimum AICc may be interpreted as the model which best fits the relationship of 
CO2 efflux with soil temperature and WL. The MEF statistic gives the relative 
performance of the model, where negative values indicate poor performance, 1 indicates 
an “almost perfect” fit and 0 means that the model is not better than using the mean of 
the measured RP values.  
Based on the above, best site-specific models were selected and used to simulate 
soil CO2 efflux. Annual RP was estimated by summing up hourly simulated values over 
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two 12-months periods (Year 1: February 22, 2014 to February 21, 2015; Year 2: 
February 22, 2015 to February 21, 2016). To cross-validate the model developed for the 
entire dataset, this model was also used to simulate RP for each individual site and year. 
Annual RP values simulated with site-specific models and with the model for the entire 
dataset were compared to assess the validity of the model. A positive cross-validation 
would mean that the model for the entire dataset could be used to simulate soil CO2 
emissions at a larger scale (e.g. regional or national level). A stepwise linear model was 
used to analyse the factors causing spatial variation in annual RP. Also, the influence of 
each soil physical variable on the annual effluxes was studied. 
4.3.6. Statistics 
Soil T10 and WL values were tested for normality and homogeneity of variance using 
the Kolmogorov–Smirnov and the Lavene’s tests. Differences between sites had to be 
tested with both parametric and non-parametric tests. This was necessary because the 
study variables were not normally distributed at all the sites. Firstly, a one way ANOVA 
test followed by a Bonferroni post-hoc test were performed for both soil T10 and WL. 
After that, the non-parametric Kruskal–Wallis and Mann–Whitney tests were also 
conducted for WL values. Parametric and non-parametric tests produced similar results. 
Differences in soil CO2 efflux between subsite-types within each site and between sites 
were also studied with non-parametric tests only. 
All raw data were processed with EXCEL 2010; statistical analyses were 
performed using SPSS 22.0 (IBM Corp., Armonk, NY, USA) and all regression 
analyses and graphs were conducted using SigmaPlot 12.0 (Systat Software Inc. USA). 




4.4.1. Environmental variables 
Air and soil temperature 
In the study period, daily mean air temperature ranged between –0.2 and 20.9ºC 
(measured at Mount Russell climatological station, ̴ 35 km east of the study sites). Mean 
air temperature was 10.2ºC. Monthly soil T10 was normally distributed in all sites. The 
one way ANOVA and the Bonferroni post-hoc tests did not show any significant 
difference between sites. Mean soil T10 was 8.7ºC and mean daily values varied 
between 2.7–15.8ºC. Although pairwise comparison did not show any statistical 
difference between the two years, mean soil T10 was approximately 4% lower during the 
second year. Moreover, maximum mean daily soil T10 registered during the second year 
was around 2ºC lower than during the first year. Minimum soil T10 during the two years 
were very similar. Both air and soil T10 followed the same seasonal pattern, increasing 
towards the summer months and decreasing gradually into the winter months (Figure 
4.2). 
Precipitation 
The driest (26 mm) and the wettest (372 mm) months throughout the study period were 
September 2014 and December 2015 respectively (Figure 4.2c). Annual rainfall for the 
first and second study years was 1,313 and 1,871 mm respectively. As typical of 
maritime temperate climate, winter months were wetter than summer months. 
Moreover, rainfall occurred in every month and it presented a small seasonal trend with 















Figure 4.2 a) Mean hourly air temperature recorded at Mount Russell climatological 
station ( ̴ 35 km east of the study sites). b) Mean hourly soil temperature measured at 10 
cm depth at the 24 (black line) and 44 (grey line) year old Sitka spruce sites. c) 
Measured (symbols) and interpolated (solid lines) daily water table level at the 24 
(black line) and 44 (grey line) year old Sitka spruce sites. Vertical bars represent daily 
rainfall recorded at Rokchapel weather station ( ̴ 2 km south of the study sites). Vertical 
dashed line separates the measurement time into two years. Year 1: 22/02/2014–
21/02/2015 and year 2: 22/02/2015–21/02/2016. Sites S24 and S44 are used as an 
example as they had the highest and the lowest soil temperature, respectively. 
Water table level 
Water table level had a temporal variation related to precipitation, increasing after 
rainfall events and decreasing during lower-rainfall periods (Figure 4.2). Mean site-
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specific WL (measured from the soil surface) varied between 24.6–50.1 and 29.6–48.0 
cm during the first and second year respectively. Water table level was 10% deeper 
during the second. Minimum and maximum daily WL were 10.6 and 95.9 cm and they 
were registered at sites SS27 and LP23 respectively. Mean monthly WL was normally 
distributed in all sites except in SS27 and SS28. The One way ANOVA and the 
Bonferroni tests concluded that mean monthly WL in LP23 was significantly higher than 
in the other sites. The results of the Kruskal-Wallis and the pairwise comparisons with 
the Mann-Whitney U tests agreed with the former conclusion but also that mean 
monthly WL in SS27 was significantly lower than in all the other sites (Figure 4.3a). 
Water table level differed between subsite-types. In all sites, WL measured in the 
different subsite-types decreased in the following order furrow, flat, ridge 
microtopographies (Figure 4.3b). 
4.4.2. Soil analysis 
In all sites, except in SS39, SOC increased with depth. By contrast, ash content 
decreased with each depth increment in all sites except SS38 where it increased with 
depth. Nitrogen content, C/N ratios and pH increased or decreased depending on the site 
without any clear pattern. Bulk density and SCS decreased with depth in half of the sites 
but they also increased with depth in the other half. Soil data for each site is presented 
in Table 4.2. Mean SOC and soil N content for the top 30 cm of soil ranged between 
47.5–56.5% and 1.7–3.2% respectively. Mean BD (to a depth of 30 cm) and ash content 
varied between 0.10–0.24 g cm-3 and 2.4–17.1% respectively. For the same soil profile, 
C/N ratios and pH ranged between 17.1–34.0 and 3.4–4.5 respectively. Soil C stocks to 
30 cm soil depth (excluding the litter layer) differed between sites, ranging from 159 to 




Figure 4.3 Comparison of mean monthly water table level (±SE) between a) sites b) 
subsite-types within each site. Different letters between sites, and also between subsite-
types within each site, mean that they are significantly different (P value < 0.05). 
4.4.3. RP emissions 
Among all sites, minimum and maximum hourly measured RP effluxes were 0.00 and 
0.65 g CO2 m-2 h-1 respectively. Maximum hourly measured RP rate in the Sitka spruce 
chronosequence and in the lodgepole pine site during the second year was on average 
45.5 and 28.2% lower than in the first year. Minimum RP rates between the two years 
were very similar in all sites. Mean hourly (± SE) RP varied between 0.10 ± 0.01 and 
0.19 ± 0.03 g CO2 m-2 h-1. Site-specific hourly emissions were not normally distributed 
in all sites and the Kruskal-Wallis showed statistical differences between them (Figure 
4.4a). Mean hourly RP from SS43 presented the lowest respiration rate and the Mann-
Whitney U test showed that it was significantly lower than in all the other sites. Within 
each site, hourly RP emissions differed significantly between subsite-types. However, 
these differences were only significant in some cases and results could not be 











Figure 4.4 Comparison of mean hourly soil CO2 efflux (±SE) between a) sites b) 
subsite-types within each site. Different letters between sites, and also between subsite-
types within each site, indicate that they are significantly different (P value < 0.05). 
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Table 4.2 Soil properties. Description included carbon content (C), nitrogen content 
(N), carbon and nitrogen ration (C/N) Ash content, bulk density (BD), soil carbon 
stocks (SCS) and pH, by site and by soil depth. 
n.d. not determined 
  










(t C ha-1) pH 
SS18 
0-10 55.0 1.6 35.2 4.1 0.10 52.2 3.4 
10-20 n.d  n.d  n.d  n.d  0.12 n.d  3.4 
20-30 n.d  n.d  n.d  n.d  0.16 n.d  3.4 
SS24 
0-10 48.6 2.9 17.0 13.6 0.13 65.4 3.4 
10-20 55.9 3.4 16.5 4.6 0.12 65.7 3.6 
20-30 57.4 3.2 17.9 3.4 0.10 55.5 3.6 
SS27 
0-10 51.6 2.9 17.9 10.2 0.15 77.8 4.2 
10-20 55.0 2.8 19.6 7.0 0.17 94.1 4.6 
20-30 59.9 1.9 30.9 5.0 0.14 84.8 4.7 
SS28 
0-10 46.2 2.3 20.0 19.6 0.15 68.0 4.4 
10-20 45.4 2.5 17.9 20.6 0.22 99.6 3.9 
20-30 50.9 3.1 16.5 11.1 0.18 89.2 3.9 
SS39 
0-10 56.0 2.4 23.3 6.9 0.25 138.6 3.4 
10-20 56.0 2.3 24.5 7.7 0.31 172.8 4.4 
20-30 53.2 2.6 20.2 7.7 0.16 84.2 4.9 
SS43 
0-10 52.9 1.9 28.3 3.0 0.09 47.3 3.6 
10-20 53.0 1.7 30.8 2.2 0.09 49.5 3.4 
20-30 54.6 1.9 28.9 1.9 0.11 61.9 3.6 
SS44 
0-10 55.6 1.8 31.8 4.1 0.13 72.5 3.4 
10-20 57.1 1.6 35.2 2.1 0.13 73.3 3.4 
20-30 56.9 1.6 34.9 2.0 0.11 64.6 3.5 
LP23 
0-10 52.7 2.1 25.6 3.5 0.10 55.2 3.7 
10-20 53.5 2.1 25.5 2.3 0.11 60.9 3.7 
20-30 55.0 1.7 32.6 1.4 0.11 58.8 3.7 
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4.4.4. Modelling and simulation of annual RP 
Peat decomposition was strongly dependent on soil T10 in all sites and their relationship 
was described by an exponential function (Eq. 4.1). At the site level, soil T10 alone 
explained between 52–82% of temporal variation in RP (Table 4.3). These relationships 
were much stronger at sites SS27 (r2 = 0.80) and SS39 (r2 = 0.82), which were clearfelled 
in June 2015 and had less number of observations than in the other sites. To study the 
relationship between RP and WL, Eq. 4.2, 4.3 and 4.4 were added separately to the 
temperature model. All three combinations increased the explanatory power of the RP 
model in all sites. 
Among the multiple nonlinear equations producing models with statistically 
significant parameters and after comparing them with the AICc statistic, the 
incorporation of the WL Gaussian function resulted in better models in all sites except 
in LP23. At LP23, the addition of a WL linear equation to the RP model best fulfilled 
satisfied the model selection criteria. Additive combinations of Eq. 4.1 & 4.4 were best 
in some sites however multiplicative combinations of the same equations were best in 
others (Table 4.3). These combined models accounted for 66–88% of the variation in 
the CO2 effluxes. The residual analysis did not show any specific pattern (Figure 4.5). 
Modelled RP was highly correlated to the observed RP effluxes and ME varied between 
0.67–0.88. The mean bias between modelled and observed RP effluxes was almost 
neutral or slightly positive (i.e. observed RP > modelled RP) suggesting that these 
models underestimate RP effluxes, particularly at higher RP. 
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Table 4.3 Model parameters ± standard error of the estimates in parentheses, coefficients of determinations (r2) and number of measurements (n) 
for the soil temperature (–10cm depth) exponential function and best model combination of soil temperature and water table level (WL) 
simulating heterotrophic respiration (RP) in the eight study sites. Also, a model developed for the entire dataset is presented here. Model 
functions are described in more detail in section 2.5. Each n value represents the mean value of seven measurements. 
 
 
Site Model # Parameters r2 n ai bi ci di WLi 
SS18 RP = ƒ(Eq. 1) 0.042 (0.010) 0.135 (0.023) - - - 
0.52 
46 
RP = ƒ(Eq. 1) x ƒ(Eq. 4) 0.140 (0.057) 0.060 (0.026) - 42.2 (22.0) 76.8 (33.0) 0.66 
SS24 
RP = ƒ(Eq. 1) 0.015 (0.005) 0.237 (0.026) - - - 0.66 58 
RP = ƒ(Eq. 1) + ƒ(Eq. 4) 0.026 (0.007) 0.173 (0.024) 0.173 (0.024) 5.3 (1.1) 60.9 (1.0) 0.80 
SS27 RP = ƒ(Eq. 1) 0.020 (0.007) 0.215 (0.028) - - - 
0.80 
21 
RP = ƒ(Eq. 1) x ƒ(Eq. 4) 0.043 (0.027) 0.169 (0.048) - 23.4 (6.0) 40.2 (4.7) 0.84 
SS28 RP = ƒ(Eq. 1) 0.028 (0.006) 0.170 (0.019) - - - 0.68 47 RP = ƒ(Eq. 1) + ƒ(Eq. 4) 0.041 (0.008) 0.120 (0.017) 0.156 (0.023) 7.5 (1.7) 55.0 (1.8) 0.86 
SS39 RP = ƒ(Eq. 1) 0.034 (0.007) 0.159 (0.017) - - - 
0.82 
23 
RP = ƒ(Eq. 1) x ƒ(Eq. 4) 0.064 (0.019) 0.115 (0.022) - 30.0 (11.1) 53.2 (10.2) 0.88 
SS43 RP = ƒ(Eq. 1) 0.026 (0.006) 0.134 (0.019) - - - 0.59 49 RP = ƒ(Eq. 1) + ƒ(Eq. 4) 0.030 (0.006) 0.113 (0.020) 0.063 (0.018) 2.42 (1.1) 41.6 (1.0) 0.69 
SS44 RP = ƒ(Eq. 1) 0.045 (0.008) 0.124 (0.018) - - - 0.56 48 RP = ƒ(Eq. 1) + ƒ(Eq. 4) 0.056 (0.009) 0.094 (0.017) 0.125 (0.028) 3.6 (1.0) 48.7 (1.1) 0.71 
LP23 RP = ƒ(Eq. 1) 0.017 (0.004) 0.200 (0.021) - - - 
0.69 
57 
RP = ƒ(Eq. 1) + ƒ(Eq. 2) 0.003 (0.003) 0.289 (0.065) 0.001 (0.0003) - - 0.74 
Entire 
dataset 
RP = ƒ(Eq. 1) 0.023 (0.003) 0.184 (0.009) - - - 0.57 349 




Figure 4.5 Measured (symbols) and simulated (curves) heterotrophic respiration (RP) at 
the eight study sites. Solid and dashed lines represent hourly RP simulations for year 1 





Pooled data from all sites were fed into a single nonlinear model following the 
same approach. A multiplicative combined model of Eq. 4.1 & 4.4 (Figure 4.6) resulted 
in the best model, from all possible combinations, to simulate RP emissions (Table 4.3). 
This model satisfied all the model selection criteria and it also fit the data well (P value 
< 0.001). Moreover, it performed similarly to the site-specific models. Residuals were 
evenly distributed and the mean bias between modelled and observed was almost zero. 
Nevertheless, this model also underestimated the higher measured RP effluxes. 
At the subsite-type level, model performance differed greatly among 
microtopographies and among sites. Collars inserted in furrows emitted higher CO2 
effluxes than collars located in other microtopographies only at SS44. On the other hand, 
SS18 presented significantly lower mean hourly effluxes in the furrow than in the other 
subsite-types. Although the highest mean hourly RP occurred in the ridge (SS39), 
emissions from this microtopography were in general similar to emissions originating at 
the undisturbed forest floor. The rather contradictory results among sites prevented from 
the development of RP for different microtopographies. No conclusive results were 
obtained as same microtopographies for different sites behaved differently. 
Over the two years, mean annual RP for the eight sites varied from 774 to 1,492 g 
CO2 m-2 y-1. Annual RP emissions from the second year were between 8.0 (SS43) and 
24.4% (SS24) lower than emissions from the first year. In all sites, simulated daily RP 
followed a distinctive seasonal pattern (Figure 4.7) and was closely related to the trend 
in soil temperature. Maximum RP rates were observed during the summer months and 
decreased towards the winter months. Heavy and persistent rainfall events in August 
and October 2015 produced sudden rises in WL and although soil temperature was still 
high in all sites, RP effluxes decreased greatly. Simulated RP during the second year was 




Figure 4.6 Relationship between observed and modelled heterotrophic soil respiration 
(RP) at the study sites. Correlation coefficients (r), model efficiency (MEF) and mean 






Figure 4.7 a) Pooled measured data (symbols) from the eight study sites combined 
together to create a single model for the entire dataset. Simulated values (mesh) 
represent the multiplicative combined effect of soil temperature and water table level on 
heterotrophic soil respiration (RP). Mean optimum water table level (measured from the 
soil surface) for RP was identified as 61.7 cm. b) Relationship between observed and 
modelled RP of pooled data from all sites. Correlation coefficients (r), model efficiency 
(MEF) and mean bias are presented. Solid lines indicate a 1:1 relationship between 
observed and modelled effluxes. 
 
4.4.5. Soil factors causing spatial variation in RP 
Annual RP emissions were positively correlated with BD, Ash content, SCS, nitrogen 
content and the percentage of the slope of the study sites but it was negatively correlated 
with C/N ratio (Figure 4.8). Additionally, no significant correlation was found between 
annual RP and pH, elevation or with any of the other stand variables. In addition, the 





Figure 4.8 Annual heterotrophic respiration (RP) relationship between (a) bulk density 
(BD), (b) Ash content, (c) soil carbon stocks (SCS), (d) nitrogen content, (e) C/N ratio 
and, (f) slope. Regressions conducted for all sites.Soil physical properties correspond to 
the 0–10 cm soil depth profile. 
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4.4.6. CO2-C emissions from RP and uncertainty 
One RP value per site was calculated using the mean RP value from the two years. Site-
specific RP (± SE) varied between 2.11 ± 0.06 and 4.07 ± 0.28 t CO2-C ha-1 y-1 
(Table 4). Thereafter, a mean RP for afforested peatland in cold wet temperate 
conditions was derived. The calculated RP for this land use category was 3.26 ± 0.20 
t CO2-C ha-1 y-1. The associated uncertainty (IPCC 2014) of site-specific RP ranged 
between 5.9–19.6%. The uncertainty at the 95% confidence interval of the RP for this 
land use category was 12.4%. The model derived for the entire dataset overestimated 
lower site-specific RP and underestimated higher ones (Table 4.4). Peat respiration 
calculated with this model ranged from 2.72 ± 0.15 – 3.38 ± 0.15 t CO2-C ha-1 y-1 and 
calculated a similar RP for this land use category (i.e. 3.06 (± 0.08) t CO2-C ha-1 y-1 ). 
The associated uncertainty of these RP values varied between 1–21%. The uncertainty at 
the 95% confidence interval of the RP for this land use category estimated with the 
model for the entire dataset was 5.3%. 
4.5. Discussion 
4.5.1. Temporal variation of momentary and annual RP 
Soil temperature was the main driver of temporal RP. This is consistent with previous 
studies showing that simulated RP followed a clear seasonal pattern and it was closely 
related to the temporal variation of soil temperature (Byrne and Kiely 2006, Mäkiranta 
et al. 2009, Kominami et al. 2012). In all sites, hourly RP peaks occurred at time of 
highest temperatures (July) and lowest effluxes were observed during the coldest 
months (January and February). In this study, hourly RP rates varied from 0–0.65 g CO2 
m-2 h-1 what is somewhat lower than momentary RP effluxes reported for drained 
afforested peatlands in boreal climates, ranging from 0–1.29 g CO2 m-2 h-1 (Minkkinen 
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et al. 2007) and 0–1.70 g CO2 m-2 h-1 (Mäkiranta et al. 2010). Nevertheless, Minkkinen 
et al. (2007) measured maximum hourly RP rates of  ̴  0.90 g CO2 m-2 h-1 (although 
usually below 0.60 g CO2 m-2 h-1) at the southernmost site located in the hemiboreal 
zone (in Väätsa, central Estonia) which is in agreement with the values reported in this 
study. 
Table 4.4 Carbon emissions from peat respiration (RP) for afforested peatland in cold 
wet temperate conditions derived from site-specific empirical models and also from a 
single model fitted for the entire dataset. The associated uncertainty represents 95% 
confidence intervals. 
Site 
Site-specific models Model entire dataset 
CO2-C 
( t C ha-1 y-1) 
Uncertainty 
( t C ha-1 y-1) 
CO2-C 
( t C ha-1 y-1) 
Uncertainty 
( t C ha-1 y-1) 
SS18 3.31 2.86–3.76 2.89 2.52–3.26 
SS24 3.57 2.87–4.27 3.15 2.83–3.47 
SS27 4.07 3.52–4.62 2.90 2.29–3.51 
SS28 3.42 2.86–3.98 3.18 2.83–3.54 
SS39 3.73 3.45–4.01 3.38 3.08–3.68 
SS43 2.11 1.99–2.24 2.87 2.70–3.05 
SS44 3.17 2.75–3.59 2.72 2.43–3.02 
LP23 2.71 2.46–2.97 3.36 3.33–3.40 
Mean RP 3.26 2.86–3.67 3.06 2.90–3.22 
 
There are several possible explanations for this result. Whereas soil temperature 
reported by Minkkinen et al. (2007) varied from 0–20ºC, maximum values reported in 
this study were only 16.7 and 13.9ºC (both at LP23) for the first and second years 
respectively. In addition, the same authors reported that they measured soil T at 5 cm 
depth. Moreover, while the Irish sites were all located in nutrient-poor blanket peatlands 
the Finish sites were located in nutrient-rich peatlands. It has been reported that the 
quality and availability of nutrients also determines microbial respiration and that 
nutrient deficiency may lessen soil organic matter decomposition (Silvola et al. 1996, 
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Cleveland et al. 2006, Minkkinen et al. 2007). The volume of oxic peat is another factor 
controlling RP effluxes. Mean WL in the Irish sites was approximately 44 and 40 cm 
during the first and second summer seasons (May–October). By contrast, mean WL at 
Väätsa, Estonia during the summer 2003 was 57 cm. Pooled data from this study has 
shown that optimum WL for RP was on average 63 cm (Figure 4.6 and Table 4.3). This 
result is in agreement with Mäkiranta et al. (2009) who, in a similar experiment in 
Finland, found an optimum WL for RP of 61 cm. Another possible explanation could be 
the differences in the heterotrophs community composition at both sites and their 
reaction to increasing temperatures. Some studies have found that the temperature 
sensitivity of the microbial population in cold soils increases with increasing 
temperatures, enhancing the microbial decomposition efficiency (Domisch et al. 2006, 
Minkkinen et al. 2007, Karhu et al. 2014). Although the Irish sites were located at lower 
latitudes and higher hourly RP effluxes were expected in these sites, it is likely that the 
combination of all these factors had led to higher momentary RP effluxes at the boreal 
sites than at the temperate ones. Also differences in the peat quality between the Finish 
and the Irish sites could perhaps explain these differences. 
Annual RP variation was evident in all sites and it was on average 16.7% lower 
during the second year. The lower RP in the second year is probably due to the higher 
rainfall and lower soil T10 (Figure 4.2) than in the first year, and also because the peat 
and cut roots were more decomposed and the input of new litter was prevented. 
Therefore, the decrease in annual soil C emissions may be due to the combination these 
climatological conditions suggesting that soil CO2 emissions from afforested peatland 
are affected by the multi-annual climate variation (Arnold et al. 2005). Moreover, it is 
very likely that the wet soil conditions presented during the summer months in the 
second year limited RP effluxes. On the other hand, Díaz-Pinés et al. (2010) 
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demonstrated that decomposition of roots after trenching may lead to an overestimation 
of heterotrophic respiration. By contrast, other studies have estimated that the effect of 
fine root decomposition on soil respiration was minor some time after trenching (Lee et 
al. 2003, Mäkiranta et al. 2008, Ojanen et al. 2010). In this study, RP measurements 
started between four and five months after trenching and, although RP effluxes may be 
slightly overestimated, it is assumed (as reported as by the former studies in peatland 
forests) that the influence of decaying roots to RP was not significant. Mean annual RP 
was 1,196 g CO2 m-2 y-1 which is somewhat lower than annual RP reported at the 
hemiboreal site 1,379 g CO2 m-2 y-1 (Minkkinen et al. 2007) but higher than values 
reported by Mäkiranta et al. (2008) for afforested organic soil croplands in Finland 
1,080 g CO2 m-2 y-1. This result was unexpected as the longer growing season and the 
milder temperatures present in Ireland would suggest that annual emissions are greater 
in southern latitudes compared to northern biomes. This result supports Domisch et al. 
(2006) and (Minkkinen et al. 2007) hypothesis that soil respiration in northern peatland 
ecosystems may be more susceptible to higher temperatures than southern peatland 
ecosystems. 
4.5.2. Spatial variation of estimated annual RP 
Annual RP was positively correlated with BD through a lognormal correlation. Annual 
effluxes increased with increasing BD up to a maximum and then started decreasing 
linearly. Nevertheless, this correlation should be interpreted cautiously as there was 
only was site determining this trend. Melling et al. (2005), also reported that CO2 
emissions from organic soils increased with higher BD values. By contrast, some 
studies have found that on mineral soils, soil CO2 efflux decreases with increasing BD 
(Epron et al. 2006, Saiz et al. 2006b, Ngao et al. 2012). A similar lognormal correlation 
was found between annual RP and ash content. Nutrient availability enhances microbial 
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respiration (Mäkiranta et al. 2008) and this could explain why the sites with higher soil 
ash content had higher annual RP effluxes. Minkkinen et al. (2007), also found an 
increment in annual RP from nutrient-poor to nutrient-rich sites. Although soil 
respiration in more mineral soils is strongly regulated by the SOC content 
(Franzluebbers et al. 2001), this relationship is weaker in peatlands because C is not a 
limiting factor for biological activity and therefore respiration.  
Although BD does not determine the heterotrophs activity it does regulate soil 
porosity and hence the exchange of oxygen and CO2 between the soil and the 
atmosphere (Ngao et al. 2012). This study suggests that in soils with very high porosity, 
annual RP increases with increasing BD and soil ash content up to a maximum (Figure 
4.8a,b). At this point, lower soil porosity and also lower SOC would be limiting factors 
for the microbial activity and other factors (e.g. pH or N content, among others) would 
determine the soil CO2 emissions rate. Thereafter, annual RP would decrease towards 
zero (as it is shown in Figure 4.8b). This hypothesis should, however, be tested with a 
larger dataset, covering the full range of BD and ash content values reported in mineral 
and organic soils. Soil C stocks are dependent on BD and also on the SOC (which is 
related to the soil ash content). Consequently, SCS also followed a similar lognormal 
correlation with annual RP. Although there is now a strong evidence of the positive 
correlation between soil CO2 efflux and SOC (Wang et al. 2006, Luan et al. 2012, Zhou 
et al. 2013, Lecki and Creed 2016) there are also studies that did not find any 
correlation between SOC and soil respiration (Saiz et al. 2006b, Ngao et al. 2012). 
Annual RP was also positively correlated with N content but negatively 
correlated with the C/N ratio. Although Shi et al. (2014) found a similar correlation 
between total soil CO2 emissions and N content the same authors and also Ngao et al. 
(2012), found an inverse correlation between C/N ratio and soil respiration. On the other 
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hand, Luan et al. (2012) could not find any correlation between N content and soil 
respiration. It is clear that N content and C/N ratios affects soil organic matter 
decomposition. However, the disparity of the results found in the literature indicates 
that the full understanding of the processes involved in soil organic matter 
decomposition remain unclear. Annual RP was also positively correlated with the slope 
of the sites. This is probably due to the higher draining capacity and the higher oxygen 
content in moving water at the sites located on the slope over the ones on flatter areas 
where waterlogging conditions contain less dissolved oxygen and therefore may limit 
RP. 
4.5.3. Carbon emissions from RP and implications for the Irish 
national reporting system 
Although the IPCC (2014) Wetlands Supplement Guidelines includes default Tier 1 
values for temperate drained afforested organic soils, they also encourage GHG 
reporting countries to move to country-specific Tier 2 approaches. This means that 
countries should develop their own EFs for each land use category and climatic zones 
when appropriate. The mean CO2-C emissions from RP reported in this study ( ̴ 3.3 t 
CO2-C ha-1 y-1) This new RP value is more than five time greater than the currently CO2-
C emissions from RP used in Ireland (0.59 t CO2-C ha-1 y-1) (Duffy et al. 2015). The 
CO2-C RP used by Duffy et al. (2015) was estimated from annual RTOT values that were 
measured by the soda-lime method (Byrne and Farrell 2005). It is known that the soda-
lime and alkali traps methods may underestimate high soil CO2 effluxes (Rochette et al. 
1992, Janssens et al. 2000) and many questions regarding their accuracy and 
performance remain (Rochette and Hutchinson 2005). Thus, it is very likely that 
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previous CO2-C emissions from afforested peatland reported for Ireland may have been 
underestimated. 
Estimated C emissions from afforested organic soils in the Ireland for 2013 (the 
last published report) were 47,554 t CO2-C ha-1 (Duffy et al. 2015). If the new RP value 
reported in this study is used in the 2013 GHG National Inventory Report, we estimate 
that on-site CO2-C emissions from afforested organic soils in the Ireland would be 5.5 
times greater than the current reported emissions (Table 4.5). 
Table 4.5 Annual CO2-C emissions from RP in afforested organic soils in the Republic 
of Ireland calculated using current RP emissions used in the GHG National Inventory 
Report (Duffy et al., 2015and the RP calculated in this study. The area is taken from the 
Ireland’s National Inventory Report 2015 (Duffy et al., 2015) and they represent the 
total area of afforested peatland with less than 50-years old. 
Source Area  (ha) 
RP  
(t CO2-C ha-1 y-1) 
C emissions  
(t CO2-C ha-1) 
Duffy et al. 
(2015) 80,600 
0.59 47,554 
This study 3.26 262,756 
 
4.6. Conclusion 
This study presents new CO2-C emissions RP for temperate peatland forests. 
Moreover, this study also provides nonlinear equations (Table 4.3, Eq. for the entire 
dataset) able to simulate the temporal and the spatial variation of RP. The accuracy of 
this empirical model has been cross-validated, and although it does not provide the 
detail of the site-specific models, the RP calculated between the model for the entire 
dataset and the site-specific models were very similar. However, it is important to bear 
in mind that this model may underestimate high RP effluxes. The main reason for this 
underestimation is the lack of high observed RP values used to construct the model— as 
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a consequence of the mild soil temperatures presented in the Irish forests during the 
summer months. Also, the combined model requires WL values in order to provide 
accurate RP simulations. Therefore, and in order to upscale this model at a national 
level, a robust method to simulate WL in peatland forests, using commonly measured 
environmental variables, is needed. Despite this, if WL is not available, the temperature 
exponential model for the entire dataset may be used to scale up RP emissions at a 
regional or national level, as soil temperature can be interpolated from accurately from 
air temperature. 
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Total soil respiration (RTOT) is the sum of heterotrophic respiration, which includes 
decomposition of newly deposited litter (RL) and oxidation of older and more 
recalcitrant soil organic matter (RP), and autotrophic respiration (RA), (root and 
associated mycorrhiza respiration). Understanding and quantifying these component 
fluxes is necessary to model global carbon cycling in a changing climate as small 
changes in soil CO2 fluxes could have important implications for future climatic 
conditions. In this study, soil respiration and its component fluxes were measured in 
eight afforested peatland sites in south-west Ireland using trenched plots. Soil CO2 
efflux was measured at 168 sample plots over two years with an infrared gas analyser. 
Temporal variation in soil CO2 efflux was driven by soil temperature at 10 cm depth. 
All treatment plots were affected by water table level fluctuations. Simulated annual RA 
varied between 1,100–2,049 g CO2 m-2 y-1. Simulated annual RP and RL ranged between 
774–1,492 and 514–1,013 g CO2 m-2 y-1, respectively. Autotrophic respiration 
represented on average 44% of RTOT. On the other hand, the proportion of RP and RL to 
RTOT were 35 and 21%, respectively. The drivers of the spatial variation of soil 
respiration differed between the component fluxes. While RP correlated positively with 
ash content and bulk density, RA correlated with yield class and ash content. Litter 
decomposition did not significantly correlate with any of the variables. Although the 
extrapolation of these results to other sites should be done with caution, the empirical 
models provided in this study are a useful tool to predict and simulate CO2 emissions in 
afforested peatland in temperate climates. 
Key words: autotrophic respiration, heterotrophic respiration, litter decomposition, 




Forest ecosystems contain approximately 80% of all terrestrial aboveground organic 
carbon (C) and around 40% of all belowground terrestrial C (Dixon et al. 1994). These 
ecosystems have great importance in global carbon cycling and they can act as sinks or 
sources of carbon dioxide (CO2) depending on the balance between photosynthesis and 
ecosystem respiration (Hargreaves et al. 2003, Houghton 2005, Saiz et al. 2006a). 
Ecosystem respiration consists of aboveground plant respiration and belowground 
respiration (soil respiration) (Janssens et al. 2001). Depending on the vegetation type 
and on the season, soil respiration can represent between 45 and 95% of total ecosystem 
respiration (Law et al. 1999, Janssens et al. 2001, Yuste et al. 2005, Davidson et al. 
2006a) and it is the main pathway for soil C returning from ecosystems to the 
atmosphere (Raich and Schlesinger 1992, Ryan and Law 2005).  
Soil respiration is a biological process mostly originated in the organic soil 
horizons, which sustain most of the nutrient cycling and biological activity in soils 
(Kutsch et al. 2001). Furthermore, about 90% of total soil respiration (RTOT) originates 
within the top 30 cm of soil (Goffin et al. 2014, Wiaux et al. 2015). This flux originates 
from root respiration (RA), which includes all rizhospheric activity and heterotrophic 
respiration, which includes decomposition of newly deposited litter (RL) and oxidation 
of older and more recalcitrant soil organic matter (RP) (Mäkiranta et al. 2008). Although 
RTOT and its component fluxes are mainly regulated by soil temperature and soil 
moisture (Byrne and Kiely 2006, Saiz et al. 2006b) recent research has found that other 
properties like soil organic carbon (SOC), litter fall, soil bulk density (BD), pH, 
Nitrogen (N) content, water table level (WL) and thickness of the organic layers also 
affect soil CO2 effluxes (Bowden et al. 1993, Saiz et al. 2006b, Wang et al. 2006, 
Mäkiranta et al. 2009, Luan et al. 2012, Ngao et al. 2012, Wang et al. 2013, Zhou et al. 
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2013, Lecki and Creed 2016, Oertel et al. 2016). Nevertheless, soil respiration 
component fluxes may have different sensitivities to soil temperature and moisture 
changes (Boone et al. 1998, Mäkiranta et al. 2008, Sayer and Tanner 2010, Wei et al. 
2010). Therefore, an accurate partitioning of RTOT into RA, RL and RP and assessing 
their relative contribution to the total soil CO2 efflux is necessary to understand the 
response of soil respiration to environmental changes (Hanson et al. 2000, Lee et al. 
2003, Mäkiranta et al. 2008) and to constrain the C budget of forest ecosystems. 
Due to its simplicity and low cost, root exclusion is one of the most common 
methods used to partition soil respiration and to assess the contributions of each 
component fluxes to RTOT (Hanson et al. 2000, Bond-Lamberty et al. 2011). In a 
peatland forest experiment, Mäkiranta et al. (2008) measured RP on plots that had been 
trenched to a depth of 30 cm and where the aboveground litter had been removed. Litter 
decomposition was estimated by subtracting RP rates from soil CO2 effluxes measured 
in similar trenched plots with the litter left intact. They finally estimated RA by 
subtracting RP values from emissions in control plots where the roots were left intact but 
the aboveground litter was removed. Other partitioning methods include C isotopic 
techniques (a least-invasive method, but complex and costly) and component integration 
(which requires the physical separation of litter, roots and soil components and the 
measurement of CO2 effluxes from each one of them), and which would ideally include 
in situ measurement of total soil CO2 efflux (Hanson et al. 2000). It is well known that 
trenching methods cause some disturbance effects in the soil and that they may 
overestimate RH because decomposition of fine roots in the trenched plots give an extra 
source of CO2 emissions (Díaz-Pinés et al. 2010). However, all partitioning methods 
have some disadvantages and previous research has not found significant differences 
between different methods for partitioning soil respiration (Kuzyakov 2006). 
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Several studies have been conducted to assess soil respiration and its component 
fluxes in forest mineral soils on temperate climates (Saiz et al. 2006a, Díaz-Pinés et al. 
2010, Drake et al. 2012) However, partitioning of soil respiration in afforested peatland 
in temperate climates has received little attention and the proportion of each soil 
respiration component to RTOT is still unclear. The objectives of this study were to: (i) 
analyse the factors causing temporal and spatial variation on soil respiration, and; (ii) 
quantify the contribution of the soil respiration components to RTOT and estimate their 
annual CO2 emissions, in afforested organic soils on temperate climate. 
5.3. Material and Methods 
5.3.1. Study sites 
This research was conducted in southern Ireland (52º19ʹ N, 9º07ʹ W) at an elevation of 
240–360 m.a.s.l. The study sites were seven Sitka spruce (Picea sitchensis (Bong.) 
Carr.) and one lodgepole pine (Pinus contorta Dougl.) plantations, all established in 
poorly drained Histosol (IUSS Working Group WRB 2015). They were located within a 
radius of 12 km. The climate is temperate maritime, with mild mean annual air 
temperatures (10ºC) and high mean annual rainfall (1,350 mm) (Table 5.1).The 
youngest site was a second rotation plantation 18-year old and the oldest stand was 44-
year old. All sites had closed canopy and the older stands were mature and ready for 
harvesting. The youngest site was unthinned but all the other sites presented one 
systematic thinning (i.e. one row of trees removed in every five rows). Sites SS18, SS24 
and LP23 were mounded. The ground preparation also included the digging of surface 
furrows every   ̴  10 m and mounds every  ̴  1.9 m. The other sites were either single or 
double mouldboard ploughed at  ̴  2.1 m intervals. These sites were wetter and deeper 
drains (up to 1 m deep) were dug at approximately 7 m intervals. No further works were 
113 
 
conducted at any of the sites since tree planting. For a more detailed description of the 
study sites see Chapter 4, section 4.3.1 and Table 4.1. 
Table 5.1 Climatic data from Mount Russell weather station (40 km east of the study 
sites) during year 1 (21/02/2014–21/02/2015) and year 2 (22/02/2015–21/02/2016) and 
also compared with the 21-year average (1994–2015) (Met Eireann). 
Year 1 Year 2 21-year average 
Precipitation (mm) 
  1,267 1,658 1,350 
Air temperature (ºC) 
Mean 10.3 10.0 10.0 
Max 20.9 17.6 23.1 
Min –0.2 1.6 –7.8 
Soil temperature (ºC) 
Mean 9.4 9.5 9.2 
Max 19.9 17.0 21.8 
Min 0.6 1.1 –2.2 
 
5.3.2. Experimental design 
At each site, seven subsites were established during January and February 2014. To 
cover the spatial variation within each stand, three subsite-types were established in the 
undisturbed ground, two in the furrows and two in the ridges. At mounded sites, the 
ridge microtopography was substituted by within tree lines location. Subsites were 
separated from each other by at least 3 m and they were located within an area of 20 × 
20 m. Each subsite consisted of three treatment plots: (i) an undisturbed plot 
representing RTOT; (ii) a trenched plot with the aboveground litter removed representing 
RP, and; (iii) a trenched plot with the aboveground litter left intact representing peat and 
litter decomposition (RPL) (168 sample plots in total). The surface plot consisted of a 
surface collar not inserted into the ground, used to mark the exact location for soil 
respiration measurements. Trenched plots consisted of 32 cm long PVC cylindrical 
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collars (inner diameter of 15.4 cm) permanently inserted 30 cm into the peat. 
Aluminium nets (1.0 mm mesh size) were used to prevent soil disturbances by animals 
and to prevent the further accumulation of fresh litterfall within each collar. 
5.3.3. Soil CO2 efflux measurements and soil respiration partitioning 
Soil CO2 efflux was measured weekly or fortnightly from June 2014 until mid-February 
2016 using a portable infrared gas analyser attached to a closed chamber of 2,755 cm3 
(EGM-4 and modified SRC-1; PP Systems Ltd., UK). For a full description of the 
method see Chapter 4, section 4.2. It was assumed that the trenching depth of 30 cm 
was sufficient to exclude the entire RA efflux by severing all fine roots inside the collar. 
It was also assumed that the PVC collars prevented any root regrowth inside them. 
These assumptions have been supported by previous research in peatland forests 
(Mäkiranta et al. 2009).Green parts of vegetation (mosses and tree seedlings) growing 
inside the collars were removed at the beginning of the measurements and then 
throughout the study period. Consequently, RA and RL were estimated as follow, 
R = R − R                                                                                                                      (5.1) 
R = R − R                                                                                                                           (5.2) 
5.3.4. Ancillary measurements 
Simultaneously with soil respiration measurements, soil temperature at 10 cm depth 
(T10) was measured in triplicate next to each collar (HD-2307.0 & TP-473 P.O; Delta 
OHM S.r.L., UK). At the same time, water table level (WL) was measured in vertical 
porous plastic pipes inserted 100 cm into the soil. Water table level was measured from 
the ground surface (±1 cm) using an electric contact meter (KLL-Mini; SEBA 
Hydrometrie GmbH & Co. KG, Germany). In addition, soil temperature at 10 cm depth 
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was continuously logged in each site (TG-4520 & PB-5002; Gemini Data Loggers UK 
Ltd., UK). Long-term precipitation and air temperature data were obtained from Mount 
Russell climatological station (Met Éireann, Data licensed under a Creative Commons 
Attribution-ShareAlike 4.0 International licence). 
5.3.5. Soil sampling and analysis 
During summer 2015, four continuous volumetric peat cores (7.0 × 7.5 × 30 cm) were 
collected at each forest stand. Samples were divided into three 10 cm depth intervals 
and stored at 4ºC until analysis. Within one day, pH was measured in water (Urbanová 
and Bárta 2016). Soil bulk density, ash content and soil organic C was determined for 
each soil depth intervals. Soil C stocks (SCS) by depth were calculated using the C 
content and the BD of each depth interval and then they were summed up to calculate 
the SCS to 30 cm depth. See Chapter 4, section 4.4 and Clancy et al. (2015) for a 
comprehensive explanation of the method. Prior to sampling, a circular quadrat (154 
mm inner diameter) was used to collect the forest litter (L/F layers). Soil organic matter 
was then assessed by loss on ignition. Soil samples were oven dry at 105ºC for 24 
hours. Then, 5 g (±0.0001) of soil from each layer and site were ground to 0.05 mm and 
burned in a muffle furnace during 16 hours at 375°C. Soil organic matter (SOM) was 
calculated as the difference in weight before and after ignition. The C content of the L/F 
samples was assumed to be dependent on the SOM through a linear regression equation 
as determined by Zerva et al. (2005) and shown in Eq. 5.3, 
C(%) = 0.513 × SOM(%) − 0.092                                                                                     (5.3) 
Soil C stocks for the L/F layers were calculated using their site-specific C 
content and the total dry mass collected within the quadrat. 
116 
 
5.3.6. Data analysis and modelling 
Daily WL gaps between consecutive measurement days were derived by linear 
interpolation. Soil T10 gaps were filled based on soil temperature data from the nearest 
site or by site-specific correlations between soil T10 at Mount Russell weather station 
and soil T10 at each site. To analyse the spatial variation within each site, measured 
daily values of soil CO2 efflux, soil T10 and WL were grouped by subsite-type (for each 
treatment plot). Thereafter, mean values for the site (mean of seven subsites) were 
calculated for each day. Pooled data from all sites was also combined into a single 
dataset to develop models able to scale up soil respiration in afforested peatlands at 
regional and national level. 
As determined in Chapter 4, soil respiration was strongly dependent on soil T10. 
Moreover, WL was found to be the other main factor controlling soil respiration. 
Therefore, the relationship between soil CO2 efflux from the treatment plots (RTOT and 
RPL) and soil T10 was tested by an exponential function with two parameters (Eq. 4.2). 
Thereafter, WL was incorporated into Eq. 4.2 through additive and multiplicative 
combinations. The best model combinations, found in Chapter 4, were used to develop 
site-specific empirical models to simulate RTOT and RPL. These equations are as follow, 
= + exp −0.5 
−                                                               (5.4) 
= × exp −0.5 
−                                                                   (5.5) 
where y is the measured soil CO2 efflux rate, T10 is the measured soil temperature at 
10 cm depth, WL is the measured water table level from the ground surface, and ai, bi, 
ci, di and WLi are specific-fitted parameters determined by nonlinear regression. 
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Model accuracy and performance were evaluated according to different statistics 
and criteria. Firstly, the model parameters had to be statistically significant (p<0.05). 
Then, the standard error of the estimates had to be as low as possible. Third, the 
coefficient of the determination had to be as high as possible. Also, the statistical 
performance for modelled RP was evaluated by residual analysis of observed versus 
modelled respiration values and by calculating the mean bias (Eq. 5.7). Finally the 
model efficiency (MEF) was tested using Eq. 5.8 (Soares et al. 1995, Elsgaard et al. 
2012). These are described as follow, 
 =
1
( _ _ − _ _ )                                                        (5.7) 
= 1 −  
∑ _ − _
∑ _ − _
                                                              (5.8) 
where n is the total number of observations, Efflux_Obs_i is the measured soil respiration 
component efflux, Efflux_Mod_i is the modelled soil respiration component efflux and 
Efflux_Mean is the mean of the observed soil respiration component effluxes. The MEF 
statistic gives the relative performance of the model, where negative values indicate 
poor performance, 1 indicates an “almost perfect” fit and 0 means that the model is not 
better than using the mean of the measured respiration values. 
Based on the above, best site-specific models were selected and used to simulate 
soil CO2 effluxes. Annual RTOT and RPL were estimated by summing up hourly 
simulated values over two 12-months period (Year 1: February 22, 2014 to February 21, 
2015; Year 2: February 22, 2015 to February 21, 2016). Daily RA and RL values were 
estimated using Eqs. 5.1 and 5.2. In order to understand more about the spatial variation 
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in soil respiration, multiple regression analyses were performed between the annual 
effluxes and the soil physical variables studied. 
All raw data were processed with EXCEL 2010; statistical analyses were performed 
using SPSS 22.0 (IBM Corp., Armonk, NY, USA) and all regressions analysis and 
graphs were conducted using SigmaPlot 12.0 (Systat Software Inc. USA). All the 
statistical tests were realized at the P = 0.05 significance level. 
5.4. Results 
5.4.1. Environmental variables and other field measurements 
As it was reported in the previous chapter, both, air temperature and soil T10 followed 
the same seasonal pattern, increasing towards the summer months and decreasing 
gradually into the winter months. Mean air and soil temperature throughout the study 
period were 10.2 and 8.7ºC respectively. Soil T10 was not statistically different between 
sites nor between years. However, maximum mean daily soil T10 and air temperature 
during the second year were approximately 16% lower than during the first year (Table 
5.1). 
Although winter months were wetter than the summer months, precipitation did 
not follow any seasonal trend, occurring regularly throughout the year. The first year 
received around 6% less rainfall than the 21-year average. By contrast, the second year 
received approximately 23% more rainfall than the long-term average. Moreover, the 
precipitation during the second year was approximately 39% higher than during the first 
year. Water table level had a temporal variation similar to precipitation, increasing after 
rainfall events and decreasing after drought periods. Water table level was 10% deeper 
during the second year but this increase was not statistically significant. Water table 
level differed between subsite-types. In all sites, WL measured in the different subsite-
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types decrease in the following order furrow, flat, ridge microtopographies. Mean WL 
throughout the study period was 35.5 cm and it varied among sites between 24.6 and 
49.1 cm (Table 5.2). See section 4.3.1 for a more comprehensive description of this 
result section. 
Table 5.2 Water table level summary information from each study site during year 1 
(21/02/2014–21/02/2015) and year 2 (22/02/2015–21/02/2016). Also mean values are 
presented. 
Site 
Water level (cm) 
Year 1 Year 2 Mean 
Min max Mean Min max Mean Min max Mean 
SS18 21.5 63.3 36.3 17.0 49.0 29.6 17.0 63.3 32.9 
SS24 16.1 68.5 37.2 12.8 55.9 31.7 12.8 68.5 34.4 
SS27 10.6 56.4 24.6 n.a. n.a. n.a. 10.6 56.4 24.6 
SS28 24.7 59.4 36.3 22.6 42.4 30.8 22.6 59.4 33.4 
SS39 20.1 57.6 34.2 n.a. n.a. n.a. 20.1 57.6 34.2 
SS43 19.5 43.3 29.8 15.0 41.4 30.3 15.0 43.3 43.3 
SS44 21.7 56.9 33.4 20.8 39.1 30.5 20.8 56.9 31.9 
LP23 12.9 95.9 50.1 13.0 81.1 48.0 12.9 95.9 49.1 
n.a: information not available because sites were clearfell in year 2. 
Soil carbon stocks for the forest floor and the top 30 cm of peat ranged between 
202 and 445 t C ha-1 respectively. Soil data for each site is presented in chapter 4, Table 




Table 5.3 Forest floor (L, litter, and F, fermented layers) and at peat properties (0–30 cm soil depth). Values in parenthesis are standard error of 













SOC – soil organic carbon; N – nitrogen; C/N – carbon and nitrogen ratio; BD – bulk density; SCS – soil carbon stocks; n.d. – not determined. 










(t C ha-1) pH 
SS18 L/F 
50.0 (0.2) n.d. n.d. 2.6 (0.1) n.d. 47.5 n.d. 
0-30 55.0 (0.5) 1.6 35.2 4.1 (0.4) 0.12 (0.02) 180.5 3.41 (0.01) 
SS24 L/F 
49.4 (0.4) n.d. n.d. 3.5 (0.4) n.d. 27.6 n.d. 
0-30 54.0 (2.2) 3.2 (0.1) 17.1 (0.3) 7.2 (2.6) 0.12 (0.01) 186.5 3.52 (0.04) 
SS27 L/F 
49.5 (0.1) n.d. n.d. 3.3 (0.1) n.d. 23.5 n.d. 
0-30 55.5 (2.0) 2.5 (0.3) 22.8 (3.3) 7.4 (1.2) 0.15 (0.01) 256.7 4.54 (0.12) 
SS28 L/F 
48.9 (0.8) n.d. n.d. 4.5 (0.8) n.d. 29.2 n.d. 
0-30 47.5 (1.4) 2.6 (0.2) 18.1 (0.8) 17.1 (2.5) 0.18 (0.02) 256.8 4.03 (0.13) 
SS38 L/F 
49.8 (0.2) n.d. n.d. 2.8 (0.2) n.d. 49.8 n.d. 
0-30 55.1 (0.7) 2.4 (0.1) 22.7 (1.0) 7.4 (0.2) 0.24 (0.04) 395.6 4.22 (0.35) 
SS43 L/F 
50.2 (0.1) n.d. n.d. 2.1 (0.1) n.d. 43.0 n.d. 
0-30 53.5 (0.4) 1.8 (0.1) 29.3 (0.6) 2.4 (0.3) 0.10 (0.01) 158.7 3.54 (0.04) 
SS44 L/F 
49.9 (0.1) n.d. n.d. 2.5 (0.1) n.d. 49.4 n.d. 
0-30 56.5 (0.4) 1.7 (0.1) 34.0 (0.9) 2.7 (0.5) 0.12 (0.01) 210.4 3.43 (0.01) 
LP23 L/F 
49.7 (0.1) n.d. n.d. 3.0 (0.1) n.d. 27.3 n.d. 
0-30 53.7 (0.6) 2.0 (0.1) 27.9 (1.9) 2.4 (0.5) 0.11 (0.01) 174.9 3.71 (0.01) 
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5.4.2. Seasonal variation of soil respiration 
Soil respiration followed a clear seasonal pattern in all sites and it was closely related to 
the soil temperature trend. All component fluxes followed the same seasonal variation. 
Cumulative CO2 effluxes increased exponentially during the summer months and they 
decreased towards the winter months (Figure 5.1). In all stands, the highest soil 
respiration rates were measured during the summer months. By contrast, minimum 
effluxes were measured during the winter months. The lowest RTOT measured was 0.08 
g CO2 m-2 h-1 and it occurred at SS24. Maximum RTOT was also found at SS24 and it was 
1.20 g CO2 m-2 h-1. On the other hand, minimum and maximum estimated RA rates were 
0.02 and 0.54 g CO2 m-2 h-1. Estimated litter decomposition varied between 0.00–0.09 
g CO2 m-2 h-1. Heavy rainfall events produced sudden rises in WL and thus decreased 
soil respiration rates. This effect was very evident in August 2014 at both sites. Mean 
hourly (± SE) RTOT ranged between 0.33 ± 0.02 and 0.48 ± 0.03 g CO2 m-2 h-1. On the 
other hand, estimated mean hourly RA (± SE) varied between 0.15 ± 0.01 and 0.24 ± 
0.02 g CO2 m-2 h-1 among sites. Mean estimated RL rates varied between 0.06 ± 0.01 
and 0.12 ± 0.01 g CO2 m-2 h-1 (Table 5.4). 
Site-specific hourly emissions were not normally distributed for any of the soil 
respiration components. The non-parametric Kruskal-Wallis test indicated that there 
were some statistical differences among sites. Therefore, pairwise comparisons between 
sites were conducted using the Mann-Whitney test (Figure 5.2).  Mean hourly RTOT was 
significantly lower at sites SS43, SS44 and LP23 than at the other sites. Mean hourly RA 
was highest at site SS28 and lowest at LP23. By contrast mean hourly RL was highest at 
SS18 and minimum at SS44. At the subsite-type level, emissions measured at the furrow 
microtopography were in general higher than emissions measured at other subsite-types. 
This was statistically higher for the RL component in almost all sites. However, results 
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varied among the component fluxes and between sites and no clear patterns were 
observed (Figure 5.2). 
Table 5.4 Mean (±SE), minimum and maximum hourly soil respiration during the study 
period. Component fluxes include total soil respiration (RTOT), peat decomposition (RP), 
autotrophic respiration (RA) and litter decomposition (RL). 
  Site 
  SS18 SS24 SS27 SS28 SS39 SS43 SS44 LP23 
RTOT (g CO2 m-2 h-1) 















Max 0.90 1.12 1.03 0.92 0.98 0.65 1.06 0.88 
Min 0.13 0.08 0.15 0.17 0.14 0.09 0.10 0.09 
RP (g CO2 m-2 h-1) 















Max 0.37 0.56 0.54 0.38 0.39 0.24 0.34 0.29 
Min 0.04 0.03 0.05 0.04 0.06 0.04 0.03 0.03 
RA (g CO2 m-2 h-1) 















Max 0.36 0.50 0.34 0.54 0.42 0.35 0.45 0.50 
Min 0.02 0.06 0.05 0.06 0.02 0.04 0.02 0.03 
RL (g CO2 m-2 h-1) 















Max 0.34 0.42 0.30 0.27 0.22 0.27 0.27 0.28 
Min 0.03 0.00 0.04 0.02 0.02 0.01 0.01 0.01 
SE: standard error of the mean. 
 
5.4.3. Modelling of soil respiration components 
In all sites, soil T10 presented a strong relationship with RTOT, RPL and RP. The 
relationship between soil T10 and the treatment plots was described by a temperature 
exponential function (Eq. 5.4). Within each site, soil T10 alone explained 51–88%, 51–
92% and 52–82% of the temporal variation in RTOT, RPL and RP respectively (Table 5.5, 




Figure 5.1 Annual cumulative total soil respiration (RTOT), old organic matter 
decomposition (RP), autotrophic respiration (RA) and fresh litter decomposition (RL) for 
each one of the study sites. Value at the end of the line represents the annual CO2 efflux 
of each soil respiration component. Sites SS27 and SS39 consist of one year. All the 




Figure 5.2 Sites comparison of a) mean total soil respiration (RTOT), c) mean 
autotrophic respiration (RA) and, e) mean fresh litter respiration (RL). Also, subsites 
comparison, within each site, of b) RTOT, d) RA and, f) RL. Different letters between 
sites, and also between subsites within each site, indicate that they are significantly 




Table 5.5 Model parameters ± standard error of the estimates in brackets, coefficients of determinations (r2) and number of measurements (n) for 
site-specific soil temperature exponential function and the combination of soil temperature and water table level simulating total soil respiration 
(RTOT) in the eight study sites. Also, a model developed for the entire dataset is presented here. Each n value represents the mean value of seven 
measurements. 
 
Site Model # 
Parameters 
r2 n 
ai bi ci di WLi 
SS18 RTOT = ƒ(Eq. 5.4) 0.131 (0.022) 0.139 (0.016) - - - 
0.70 
48 
RTOT = ƒ(Eq. 5.4) x ƒ(Eq. 5.6) 0.284 (0.068) 0.084 (0.019) - 37.84 (10.83) 60.92 (9.90) 0.78 
SS24 
RTOT = ƒ(Eq. 5.4) 0.075 (0.019) 0.181 (0.022) - - - 0.60 59 
RTOT = ƒ(Eq. 5.4) + ƒ(Eq. 5.5) 0.116 (0.027) 0.128 (0.022) 0.404 (0.075) 5.66 (1.43) 61.88 (1.29) 0.75 
SS27 RTOT = ƒ(Eq. 5.4) 0.105 (0.016) 0.145 (0.012) - - - 
0.88 
24 
RTOT = ƒ(Eq. 5.4) + ƒ(Eq. 5.5) 0.088 (0.018) 0.158 (0.016) 0.104 (0.061) 1.88 (1.39) 21.55 (1.28) 0.90 
SS28 RTOT = ƒ(Eq. 5.4) 0.137 (0.016) 0.130 (0.011) - - - 
0.79 
48 
RTOT = ƒ(Eq. 5.4) x ƒ(Eq. 5.6) 0.129 (0.020) 0.139 (0.014) - 35.54 (12.50) 35.54 (5.05) 0.80 
SS39 RTOT = ƒ(Eq. 5.4) 0.115 (0.020) 0.141 (0.015) - - - 
0.87 
18 
RTOT = ƒ(Eq. 5.4) x ƒ(Eq. 5.6) 0.169 (0.021) 0.116 (0.021) - 29.97 (7.75) 43.88 (3.97) 0.91 
SS43 RTOT = ƒ(Eq. 5.4) 0.092 (0.017) 0.134 (0.016) - - - 0.67 48 
RTOT = ƒ(Eq. 5.4) + ƒ(Eq. 5.5) 0.104 (0.019) 0.117 (0.017) 0.177 (0.062) 3.62 (1.39) 43.61 (1.56) 0.73 
SS44 RTOT = ƒ(Eq. 5.4) 0.075 (0.017) 0.167 (0.021) - - - 0.66 46 
RTOT = ƒ(Eq. 5.4) + ƒ(Eq. 5.5) 0.101 (0.019) 0.133 (0.018) 0.669 (0.299) 1.46 (0.36) 47.19 (0.46) 0.78 
LP23 RTOT = ƒ(Eq. 5.4) 0.063 (0.018) 0.171 (0.026) - - - 
0.51 
58 
RTOT = ƒ(Eq. 5.4) x ƒ(Eq. 5.6) 0.134 (0.057) 0.112 (0.035) - 51.87 (17.35) 80.36 (13.73) 0.56 
Entire 
dataset 
RTOT = ƒ(Eq. 5.4) 0.097 (0.008) 0.149 (0.007) - - - 0.59 349 
RTOT = ƒ(Eq. 5.4) x ƒ(Eq. 5.6) 0.123 (0.014) 0.348 (0.009) - 55.99 (8.45) 55.21 (3.52) 0.60 
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Table 5.6 Model parameters ± standard error of the estimates in brackets, coefficients of determinations (r2) and number of measurements (n) for 
the soil temperature exponential function and the combination of soil temperature and water table level simulating peat and litter decomposition 
(RPL) in the eight study sites. Also, a model developed for the entire dataset is presented here. Each n value represents the mean value of seven 
measurements. 
 
Site Model # 
Parameters 
r2 n 
ai bi ci di WLi 
SS18 RPL = ƒ(Eq. 5.4) 0.064 (0.016) 0.151 (0.023) - - - 
0.57 
46 
RPL = ƒ(Eq. 5.4) + ƒ(Eq. 5.5) 0.104 (0.018) 0.089 (0.018) 0.293 (0.039) 6.19 (1.22) 58.11 (0.94) 0.83 
SS24 
RPL = ƒ(Eq. 5.4) 0.027 (0.008) 0.221 (0.027) - - - 0.61 57 
RPL = ƒ(Eq. 5.4) + ƒ(Eq. 5.5) 0.047 (0.012) 0.153 (0.024) 0.289 (0.043) 6.33 (1.28) 62.52 (1.26) 0.80 
SS27 RPL = ƒ(Eq. 5.4) 0.039 (0.007) 0.194(0.014) - - - 
0.92 
21 
RPL = ƒ(Eq. 5.4) + ƒ(Eq. 5.5) 0.053 (0.013) 0.157 (0.023) 0.179 (0.081) 5.60 (2.09) 49.07 (1.35) 0.95 
SS28 RPL = ƒ(Eq. 5.4) 0.052 (0.012) 0.155 (0.021) - - - 
0.59 
47 
RPL = ƒ(Eq. 5.4) + ƒ(Eq. 5.5) 0.077 (0.017) 0.106 (0.022) 0.235 (0.050) 7.05 (2.30) 55.52 (2.47) 0.74 
SS39 RPL = ƒ(Eq. 5.4) 0.053 (0.010) 0.159 (0.016) - - - 
0.85 
23 
RPL = ƒ(Eq. 5.4) x ƒ(Eq. 5.6) 0.092 (0.026) 0.120 (0.021) - 33.44 (14.45) 54.06 (12.56) 0.89 
SS43 RPL = ƒ(Eq. 5.4) 0.037 (0.011) 0.152 (0.025) - - - 0.51 49 
RPL = ƒ(Eq. 5.4) + ƒ(Eq. 5.5) 0.059 (0.013) 0.097 (0.021) 0.227 (0.041) 3.13 (0.71) 40.39 (0.55) 0.75 
SS44 RPL = ƒ(Eq. 5.4) 0.033 (0.010) 0.191 (0.028) - - - 0.57 48 
RPL = ƒ(Eq. 5.4) + ƒ(Eq. 5.5) 0.063 (0.010) 0.117 (0.016) 0.273 (0.043) 3.53 (0.66) 46.93 (0.54) 0.84 
LP23 RPL = ƒ(Eq. 5.4) 0.020 (0.007) 0.231 (0.029) - - - 
0.60 
57 
RPL = ƒ(Eq. 5.4) + ƒ(Eq. 5.5) 0.020 (0.007) 0.224 (0.027) 0.259 (0.117) 1.82 (0.68) 90.23 (1.08) 0.68 
Entire 
dataset 
RPL = ƒ(Eq. 5.4) 0.037 (0.004) 0.183 (0.009) - - - 0.57 348 
RPL = ƒ(Eq. 5.4) x ƒ(Eq. 5.6) 0.067 (0.009) 0.147 (0.010) - 46.19 (4.95) 65.92 (3.51) 0.63 
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The incorporation of the WL Gaussian function resulted in better models in all 
sites. Combined models accounted for 56–91%, 63–95% and 66–88% of the variation in 
the RTOT, RPL and RP models respectively. Additive combinations were best in some 
sites however multiplicative combinations of the same equations were best in others 
(Table 4.3,Table 5.5 and Table 5.6). 
Pooled data from all sites and for each treatment plot was fed into a single 
nonlinear model following the same approach. A multiplicative combined model (Eq. 
5.6) was better than the additive combination and it satisfied all the model selection 
criteria (Table 4.3,Table 5.5 and Table 5.6). This model fit the data well (P value < 
0.001 in all treatment plots) and performed similarly to the site-specific models. 
Residuals were evenly distributed and did not show any specific pattern (Figure 5.3). 
The mean bias between modelled and observed was almost zero and the ME varied 
between 0.61 and 0.84 (Figure 5.3). Nevertheless, these models tended to underestimate 
higher measured CO2 effluxes for all treatment plots. 
5.4.4. Annual soil respiration 
Mean annual RTOT at the study sites varied between 2,669 and 4,057 g CO2 m-2 y-1. On 
the other hand, mean annual RA varied between 1,110 and 2.049 g CO2 m-2 y-1. Mean 
annual RP and RL varied from 774 to 1,492 and from 514 to 1,013 g CO2 m-2 y-1, 
respectively (Figure 5.4a, Table 5.7). The contribution of the different component fluxes 
to RTOT differed among sites and also between years (Figure 5.4b). Annual estimate RP 
and RL during the second year were on average 8 and 13% lower than during the first 
year. Mean annual RTOT was also 12% lower in the second than in the first one. By 
contrast, annual estimate RA was approximately 13% higher in the second year.  
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5.4.5. Spatial variation in soil respiration 
Mean annual RTOT estimates were positively correlated with peat ash content, slope and 
yield class. Although RTOT increased with increasing BD, SCS and N content, none of 
these correlations were statistically significant; BD (P value = 0.07), SCS 
(P value = 0.23) and N content (P value = 0.24). By contrast, mean annual RTOT was 
negatively correlated (but not significantly) with C/N (P value = 0.26) and age (P value 
= 0.38) (Figure 5.5). 
Table 5.7 Annual estimates of total soil respiration (RTOT) and its component fluxes: 
peat respiration (RP), litter respiration (RL) and autotrophic respiration (RA) at each one 
of the study sites 
Site 
Annual estimate (g CO2 m-2 y-1) Proportion (%) 
RP RA RL RTOT RP RA RL 
SS18 1214 1672 1013 3900 31 43 26 
SS24 1309 1693 670 3672 36 46 12 
SS27 1492 1314 808 3615 41 36 23 
SS28 1255 2049 753 4057 31 51 18 
SS39 1367 1831 760 3958 35 46 19 
SS43 774 1219 749 2742 28 45 27 
SS44 1162 1323 514 2998 39 44 17 





Figure 5.3 a) Pooled measured data (symbols) from the eight study sites combined 
together to create a single model for the entire dataset. Simulated values (mesh) 
represent the multiplicative combined effect of soil temperature and water level on a) 
total soil respiration (RTOT), c) old organic matter and fresh litter decomposition (RPL) 
and, e) old organic matter decomposition (RP). Relationship between observed and 
modelled effluxes, correlation coefficients (r), model efficiency (MEF) and mean bias 
are presented for b) RTOT, d) RPL and, f) RP. Solid lines indicate a 1:1 relationship 
between observed and modelled effluxes. Notice the different  
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Mean annual RA estimates were also positively correlated with peat ash content 
and yield class. However, no significant correlations were found between RA and the 
other studied variables (Figure 5.6). Mean annual RL did not significantly correlate with 
any of the variables either (Figure 5.7). On the other hand, mean annual RP only 
correlated positively with BD, ash content and slope (Figure 4.8 and Figure 4.5). 
 
Figure 5.4 Annual soil respiration originating from old organic matter decomposition 
(RP), fresh litter decomposition (RL) and autotrophic respiration (RA); b) contribution of 
soil respiration components to total soil respiration (RTOT). Numbers indicate the age of 
the forest plantation and S represents the mean value of the seven Sitka spruce sites. 23 





Figure 5.5 Annual total soil respiration (RTOT) relationship between a) bulk density 
(BD), b) Ash content, c) soil carbon stocks (SCS) to 30 cm depth, d) nitrogen content, 
e) C/N ratio and, f) slope, g) yield class and, h) age. Each black dot represent one study 




Figure 5.6 Annual autotrophic soil respiration (RA) relationship between a) bulk density 
(BD), b) Ash content, c) soil carbon stocks (SCS) to 30 cm depth, d) nitrogen content, 
e) C/N ratio and, f) slope, g) yield class and, h) age. Each black dot represent one study. 




Figure 5.7 Annual fesh litter decomposition (RL) relationship between (a) bulk density 
(BD), (b) Ash content, (c) soil carbon stocks (SCS) to 30 cm depth, (d) nitrogen content, 
(e) C/N ratio,  (f) slope, g) yield class and, h) age. Each black dot represent one study. 




5.5.1. Seasonal trend and temporal variation of in soil respiration 
Among all sites and all treatment plots, soil T10 was the main controlling factor of soil 
CO2 efflux. Soil respiration followed a clear seasonal trend and it was regulated by the 
temporal variation of soil T10. This observed strong correlation is reported in numerous 
former studies (Buchmann 2000, Byrne and Kiely 2006, Saiz et al. 2006b, Mäkiranta et 
al. 2009). The effect of WL on soil respiration was also significant but weaker than soil 
T10. Water table level determines the volume of aerated peat and therefore it regulates 
the soil CO2 efflux production rate. Tuittila et al. (2004) found that WL controlled soil 
respiration in two different ways. On one hand, the authors found that soil CO2 
increased with lowering WL as this increases the volume of oxic peat. Thereafter, WL 
reaches a depth at which soil CO2 production is maximum. On the other hand, the same 
authors found that soil CO2 decreased for WL values lower than 30 cm as the water 
became a limiting factor for peat decomposition. The same effect was found in chapter 
4. Nevertheless, the optimum WL for soil CO2 production differed between sites and 
also between treatment plots. Treatment-specific pooled data showed that soil CO2 
efflux was maximum when WL was on average 55 cm — for the RTOT treatment —
(Table 5.5 and Figure 5.3a), 66 cm — for the RPL treatment — (Table 5.6 and Figure 
5.3c) and 63 cm — for the RP treatment — (Table 4.3 and Figure 5.3e). These results 
are in agreement with Mäkiranta et al. (2009) who, in a similar experiment in Finland, 
found an optimum WL for RP of 61 cm. 
Soil respiration was affected concurrently by soil T10 and WL. This combined 
effect was studied through the development of multiple nonlinear regression models. 
Tuittila et al. (2004) described the dependency of soil respiration on soil T5 and WL 
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using a multiplicative model of exponential soil T5 function and a WL sigmoidal 
equation. Mäkiranta et al. (2009) found that a multiplicative combined model of the 
Arrhenius type function for soil T5 and a Gaussian form equation for WL was the best 
model to describe soil respiration. In both cases, the multiplicative models described by 
the two authors support the hypothesis that the effect of soil T5 on soil respiration was 
dependent on WL. In this study, it was found that depending on the site, either an 
additive (Eq. 5) or a multiplicative (Eq. 6) approach was the best model that satisfied all 
the model selection criteria (Table 4.3, Table 5.5 and Table 5.6) — while the other 
approach resulted in non-significant parameters. However, when pooled data was used 
together to develop equations for the entire dataset, the multiplicative combined model 
resulted in the best model to simulate soil respiration. This result supports the 
hypothesis that the effect of WL on soil respiration is dependent on soil T10 in all 
treatment plots. Although it is clear that soil temperature and WL are the main variables 
controlling soil CO2 efflux in afforested peatland, the disparity in the equations used to 
model soil CO2 efflux found in the literature (Tuittila et al. 2004, Byrne and Kiely 2006, 
Saiz et al. 2006a, Mäkiranta et al. 2008), and the way that they are used in combined 
models, confirms that there is a need for continued research to improve our 
understanding of carbon efflux from drained peatland forests. 
5.5.2. Total soil respiration 
In this study, momentary RTOT fluxes ranged from 0.08–1.20 g CO2 m-2 h-1 among all 
sites of the Sitka spruce chronosequence and between 0.03–0.88 g CO2 m-2 h-1 at the 
lodgepole pine site. In a 31-years old Sitka spruce stand growing on a low-humic gley 
soil in Ireland, Saiz et al. (2006b) reported RTOT values between 0.06 and 0.49 g CO2 m-
2 h-1. Similarly, Zerva and Mencuccini (2005) reported RTOT emissions between 0.05 
and 0.63 g CO2 m-2 h-1 from a 4- years old Sitka spruce stand growing on a peaty gley 
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soil in the UK. Moreover, in a mature lodgepole pine forest (100–120 years old), Litton 
et al. (2003) reported RTOT values ranging from 0.05–0.57 g CO2 m-2 h-1. While 
minimum soil respiration values recorded in this study match those of these two other 
experiments, maximum RTOT differ greatly from them. The reason for this discrepancy 
is not clear but specific soil temperature, soil moisture and WL conditions presented 
during the years when the experiments were conducted could have influenced the 
momentary RTOT emissions Lloyd (Acosta et al. 2013, Lecki and Creed 2016). Also, it 
could be due to differences in age, spatial location, fine root biomass or forest 
productivity (Buchmann 2000, Janssens et al. 2001, Davidson et al. 2006a). Substrate 
availability is also a key factor on soil respiration (Ryan and Law 2005). Soil organic C 
of litter, top soil and roots (the most readily decomposable carbon in soils) can 
significantly influence soil respiration (Zhou et al. 2013) as these soil C stocks provide 
an excellent substrate for soil heterotrophs (Wang et al. 2006). 
Previously estimated mean annual RTOT values reported for afforested peatlands 
in Ireland are 953 g CO2 m-2 y-1 for a mature Sitka spruce and 367–513 g CO2 m-2 y-1 
for a lodgepole pine chronosequence (four stands of different ages) (Byrne and Farrell 
2005). By contrast, mean annual RTOT values estimated in this study are 3,563 and 2,669 
g CO2 m-2 y-1 for the Sitka spruce chronosequence and for the lodgepole pine site 
respectively. Byrne and Farrell (2005) used the soda-lime method in order to estimate 
these annual fluxes. Therefore, it is very likely that this method may have 
underestimated these fluxes (Janssens et al. 2001, Wei et al. 2010) and thus explaining 
the discrepancy in the annual RTOT values. The same authors also acknowledge this 
possibility in their study. Total soil respiration reported for lodgepole pine stands in a 
raised peat-bog in central Scotland is 1,650 g CO2 m-2 y-1 (Yamulki et al. 2013). More 
recent RTOT values simulated for afforested peatlands (average value of six sites of 
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different ages and tree species) in boreal climates are 2,530 g CO2 m-2 y-1 (Mäkiranta et 
al. 2008). These authors used a similar method (infrared gas analyser attached to soil 
respiration chamber) to measure soil CO2 efflux in their sites and therefore, it is possible 
that the spatial variation in RTOT values may well be explained by differences in the 
mean annual temperatures registered in the Finnish and Irish sites respectively (4.0 vs. 
10.2ºC), differences in previous land use and management (agricultural fields vs. 
heather-dominated blanket peat) and root biomass (Schwendenmann and Macinnis-Ng 
2016). Finally, a recent meta-analysis on forest soil respiration reported a mean annual 
RTOT value of 3,300 g CO2 m-2 y-1 for temperate forests (Wei et al. 2010); which is in 
agreement with the mean RTOT values reported for the Sitka spruce and lodgepole pine 
sites within this study. 
5.5.3. Heterotrophic respiration 
In this study, hourly RP rates varied from 0–0.65 g CO2 m-2 h-1 what is somewhat lower 
than momentary RP effluxes reported for drained afforested peatlands in boreal climates, 
ranging from 0–1.29 g CO2 m-2 h-1 (Minkkinen et al. 2007) and 0–1.70 g CO2 m-2 h-1 
(Mäkiranta et al. 2010). Nevertheless, Minkkinen et al. (2007) measured maximum 
hourly RP rates of  ̴  0.60 g CO2 m-2 h-1 at the southernmost site located in the 
hemiboreal zone (in Vääsat, central Estonia) which is in agreement with the values 
reported in this study. Differences in maximum soil temperatures, soil moisture content, 
water table level and the quality and availability of nutrients could help to explain the 
differences in maximum momentary RP effluxes between studies (Silvola et al. 1996, 
Cleveland et al. 2006, Minkkinen et al. 2007). 
In this study, simulated annual heterotrophic respiration was 1,926 g CO2 m-2 y-1. 
This is approximately 60% greater than previously reported annual heterotrophic 
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respiration in a Sitka spruce chronosequence on wet mineral gley in central Ireland 
(Saiz et al. 2006a). However, this annual value is about 37% lower than heterotrophic 
respiration reported that for a 19-years old Sitka spruce plantation on an industrial 
cutaway peatland in the Irish midlands (i.e. 2,641 g CO2 m-2 y-1 ) (Wilson and Farrell 
2007). The peat type at the industrial cutaway experiment was a woody fen/Phragmites 
overlying a sub-peat mineral soil consisting of glacial till and clay. Therefore, the higher 
annual values reported by Wilson and Farrell (2007) may be due to the higher nutrient 
content of the residual peat compared to the blanket peat of the present study. Sulzman 
et al. (2005) reported a mean annual heterotrophic respiration of 2,259 g CO2 m-2 y-1 in 
a mature coniferous forest in Oregon. On one hand, mean annual RP was 1,196 g CO2 
m-2 y-1 which is somewhat lower than annual RP reported for a hemiboreal forest site in 
central Estonia (i.e. 1,379 g CO2 m-2 y-1) (Minkkinen et al. 2007) but higher than values 
reported by Mäkiranta et al. (2008) for afforested organic soil croplands in Finland 
1,080 g CO2 m-2 y-1. On the other hand, mean annual RL was 544 g CO2 m-2 y-1. 
Although RL is greatly influenced by the litter type and the environmental conditions 
(Laiho et al. 2008), the mean RL value in this study is in agreement with previous values 
reported by Sulzman et al. (2005) (i.e. 557 g CO2 m-2 y-1) and by Mäkiranta et al. 
(2008) (i.e. 430 g CO2 m-2 y-1) for different coniferous forests. 
In this study, mean RP and RL represented 34.7 and 21.2% of RTOT, respectively. 
No other soil respiration partitioning studies in afforested peatland in temperate climates 
have been conducted so far. However, the results presented here are similar to those 
reported by Mäkiranta et al. (2008) for boreal afforested organic soil croplands 
(RP =41%; RL = 17%;). 
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5.5.4. Autotrophic respiration 
Autotrophic respiration was estimated as the difference between RTOT and RPL. In this 
study, simulated mean annual RA was 1,586 and 1,100 g CO2 m-2 y-1 for the spruce 
chronosequence and the pine sites respectively. The greater RA efflux in the Sitka 
spruce could explain the higher productivity of this species over the lodgepole pine. 
Farrell and Boyle (1990) reported yield classes of 10.6 m-3 ha-1 y-1 for lodgepole pine 
and of 13.3 m-3 ha-1 y-1 for Sitka spruce growing on low-level blanket peat in west 
Ireland. The annual RA estimates presented in this study are at the higher end of 
previously reported values. This suggests that, in temperate climates, root activity in 
afforested peatland may be relatively high. Moreover, this would also be supported by 
the fact that roots were actively respiring throughout the year but less in winter months. 
Autotrophic respiration can vary between 10–90% of RTOT and it depends on the 
plant community, the season and the amount of fine roots (Hanson et al. 2000, Saiz et 
al. 2006a, Heinemeyer et al. 2007). In this study, RA represented 44.5 and 41.3% of 
RTOT in the Sitka spruce (mean of the seven sites) and in the lodgepole pine sites 
respectively. This is slightly lower than mean RA contributions reported by Saiz et al. 
(2006a) for another Sitka spruce chronosequence in Ireland (i.e. 55.6%) but higher than 
RA contributions reported by Mäkiranta et al. (2008) for afforested peatlands in Finland 
(i.e. 41%). Nevertheless, these values are similar to RA contribution values published 
and also to the mean RA contribution (45.8%) reported for forested ecosystems (Hanson 
et al. 2000). 
5.5.5. Spatial variation of soil respiration 
At the site level, large variations in soil respiration exist among subsites (Luan et al. 
2013). On one hand, Knohl et al. (2008) recommended around eight measurement 
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points to measure soil respiration rates within 20% accuracy of its “true” value at the 
95% confidence level. By contrast, Saiz et al. (2006b) recommended 30 sampling 
locations to achieve the same precision. In this study, with the use of seven 
measurement plots, RTOT was measured on average at the 9% of its actual value at the 
95% probability level. This low error suggests that the number of measurement points 
(i.e. subsites) per site was adequate to obtain RTOT unbiased respiration rates at the 95% 
confidence level. Nevertheless, soil CO2 emissions were generally higher, but not 
always significantly, in the furrow microtopography than in the two other 
microtopographies (Figure 5.2). Saiz et al. (2006b) reported the same results in a similar 
experiment in mineral soils and they concluded that the higher CO2 emissions measured 
at the furrows were a consequence of higher accumulation of litter at this 
microtopography. Although the thickness of the L and F layers were not measured in 
this study, it was obvious that these depressed locations presented more accumulated 
litter than the top of the ridges or the flat locations.  
Nutrient availability enhances microbial respiration (Minkkinen et al. 2007, 
Mäkiranta et al. 2008) and also plant growth. Mäkiranta et al. (2008), found a positive 
linear increment of RP with increasing ash content. The same relationship was found in 
this study between mean annual RA and ash content. Mean annual RTOT and RH were 
also positively correlated with ash content but through a lognormal function. A very 
similar correlation between soil CO2 efflux and ash content was found by Murayama 
and Bakar (1996) in tropical peat soils. Bulk density was correlated with RA through a 
positive linear correlation and through a lognormal correlation with RTOT and RH. 
Melling et al. (2005), also found that the higher the BD the higher the CO2 emissions 
from organic soils. By contrast, some studies in mineral soils have found that soil CO2 
efflux decreases with increasing BD as BD increases with increasing mineral content 
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and decreasing the C content (Epron et al. 2006, Saiz et al. 2006b, Ngao et al. 2012). 
Bulk density regulates soil porosity and therefore the exchange of gases between the 
soil and the atmosphere (Ngao et al. 2012). The results presented in this study suggests 
that annual soil CO2 effluxes increase with increasing soil BD and ash content up to a 
maximum. At this point, lower soil porosity and also lower SOC would be limit 
microbial activity. 
Other factors (e.g. pH or N content, among other variables) would determine the 
soil CO2 emissions rate. Thereafter, annual CO2 emissions would decrease linearly 
towards zero. Although no significant correlations were found between any of the soil 
CO2 effluxes and SOC, soil respiration has been found to be strongly regulated by the 
SOC content (Franzluebbers et al. 2001, Wang et al. 2006, Luan et al. 2012, Zhou et al. 
2013, Lecki and Creed 2016). Mean annual RTOT and RH were positively correlated with 
slope. This is probably due to the higher oxygen content in moving water at the sites 
located on “steeper” slopes over the sites on flatter areas where waterlogging and 
stagnant water conditions (with lower oxygen content) may decrease soil respiration. 
Also, RTOT and RA were positively correlated with yield class. This result contrasts with 
Saiz et al. (2006a) who hypothesized that the high productivity of a 15-years old Sitka 
spruce stand was the main reason for its low soil CO2 emissions. 
Spatial variation of soil respiration is regulated by many soil physical properties 
and also by WL and soil moisture content. On numerous occasions, these primary 
drivers of the spatial variation may have confounding effects on soil respiration. 
Therefore, it is recommended to study the dependence of soil respiration on several soil 
properties (e.g. ash content, BD, pH, N content) and other variables (e.g. like soil T, 
WL, soil moisture content, yield class slope) by multivariate regression analysis. 
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5.5.6. Errors and assumptions 
The main assumption of trenching experiments is that trenching collars completely 
terminate the RA component by severing all roots within the collar (Lee et al. 2003, 
Mäkiranta et al. 2008). Results from chapter 3 proved that the insertion depth of 30 cm 
used in this experimental set up were able to supress all rizhospheric activity in the 
trenched area and hence, confirming the veracity of this first assumption. Despite this, 
Uchida et al. (1998) found that excised roots may still respire for some time after 
trenching. This was also acknowledge by Lee et al. (2003) and Mäkiranta et al. (2008) 
in other trenching experiments. Nevertheless, soil respiration measurements started 
between four and six months after trenching. Therefore, it is assumed that the 
respiration from excised roots was completely terminated when the first measurements 
started and thus this assumption can be ruled out as well. Moreover, it has been 
previously reported that soil CO2 emissions significantly increase after trenching as a 
consequence of soil disturbance and injured roots (Uchida et al. 1998, Lee et al. 2003). 
Similar results were reported for the experimental setup of chapter 3. Soil CO2 
emissions from trenched plots exceeded those from non-trenched plots during the first 
two months after trenching and then, they significantly decrease thereafter. Therefore, it 
is assumed that the same effect occurred in this trenching experiment. 
Although, some studies have estimated that the effect of fine root decomposition 
on soil respiration was minor some time after trenching (Lee et al. 2003, Mäkiranta et 
al. 2008), it is possible that this effect could have underestimated RA and overestimated 
RP and RL emissions (Hanson et al. 2000). Bond-Lamberty et al. (2004) estimated that 
RA was underestimated by 5–10% due to root decay in trenched plots in a boreal black 
spruce (Picea mariana (Mill.) Britton, Sterns & Poggenburg) chronosequence. In a 
similar manner, Díaz-Pinés et al. (2010) demonstrated that decomposition of roots after 
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trenching may lead to an overestimation of RH effluxes. The authors concluded that over 
a period of two years, RA increased from 26 to 44% of RTOT between the first and the 
second growing season in a mountain forest in Austria. Nevertheless, roots from 
coniferous trees contain high concentrations of lignin and recalcitrant organic carbon 
and it has been found that their decay rate is slow (Silver and Miya 2001). 
By contrast, root exclusion may have underestimated RL due to the suppression 
of fresh decomposable substrate inputs (Epron 2009, Heinemeyer et al. 2012a). Hartley 
et al. (2007) found that the availability of labile C for decomposition is a limiting factor 
for heterotrophic respiration. Root photosynthates are an important source of substrate 
for soil respiration and continuous microbial decomposition of this root-derived C may 
led to a decline in soil CO2 efflux in late summer months and autumn (Kirschbaum 
2004, Phillips et al. 2013). Therefore, it is assumed that the same depletion of easily 
decomposable substrate occurred within the trenched plots. 
It is very likely that both effects, CO2 emissions from decomposing roots and 
depletion of easily decomposable substrates occurred at the same time within the 
trenched plots throughout the length of this experiment. It can therefore be hypothesized 
that each effect counteracted each other. 
5.6. Conclusion 
This is the first study partitioning soil respiration on afforested peatland in Ireland and 
one of the few studies conducted in temperate climates conditions. Soil temperature 
measured at 10 cm depth was the main driver of temporal variation in soil respiration 
and its component fluxes. The effect of WL on soil respiration was dependent on soil 
temperature and all soil respiration components had different sensitivities and responses 
to changing soil T10 and WL values. Therefore, specific predictive models should be 
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used for each one of the soil respiration components. Furthermore, ash content, BD and 
yield class directly affect the spatial variation of soil respiration. Thereby, multivariate 
analysis or processed based models (e.g. DNDC or ECOSSE models) able to 
incorporate environmental variables and other biological and physical properties should 
be used to simulate soil respiration. 
Total soil respiration in afforested peatland in temperate climate ranged from 
2,669 to 4,057 g CO2 m-2 y-1. Autotrophic respiration was the main contributor and it 
represented 44.1% of RTOT. Peat decomposition and RL represented 34.3 and 21.2% of 
RTOT, respectively. All soil respiration components were active contributors of RTOT 
throughout the year. The high heterotrophic soil respiration values reported in this study 
suggest that peatland forests in temperate conditions could be sources of CO2 for more 
than one tree rotation. The current 50 years after afforestation considered necessary to 
achieve a steady state regardless the soil type (Duffy et al. 2015) may need to be 
reconsidered. 
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In accordance with the Kyoto Protocol and the Parish Agreement (COP21), 
anthropogenic greenhouse gas (GHG) emissions need to be estimated and reported by 
signatory countries. Although reporting GHG emissions using Tier 1 or Tier 2 emission 
factors is possible, higher-tier reporting systems (e.g. process-based models) are 
recommended. Processed-based models are usually complex and require large amounts 
of input variables. However, ECOSSE is a process-based model that requires little input 
data. In this study, the limited version of ECOSSE was used to evaluate the suitability 
of the model to simulate heterotrophic respiration (RH) at seven peatland forest sites in 
Northwest European conditions. ECOSSE-simulated RH emissions were compared with 
site-specific RH emissions. Daily RH measurements conducted between 2014 and 2016 
were used to develop site-specific models and simulate monthly and annual emissions. 
The ECOSSE model simulated the seasonal variation of RH across all sites but with a 
negative bias. Annual RH emissions varied between 2861 and 3610 kg CO2-C ha-1 y-1 
across sites. The relative deviation between the annual ECOSSE simulated RH and the 
annual site-specific RH varied between –52 and –6% among sites. ECOSSE 
underestimated annual RH emissions at some sites. However, the model evaluation and 
performance showed that, with some calibrations, ECOSSE is able to simulate RH in 
afforested peatland relatively well but. Moreover, the sensitivity analysis performed 
revealed that ECOSSE can be used to simulate responses to land-use change and future 
climate conditions and scenarios. Nonetheless, further adjustments of the ECOSSE 
model are needed to adequately describe and represent the processes occurring on these 
poor-drained soils. 
Key words: processed-based model, heterotrophic respiration, ECOSSE, Sitka spruce, 




The conversion of natural peatlands to another land use (e.g. agriculture or forestry) 
may alter the greenhouse-gas balance of these ecosystem (IPCC 2007). Drainage aims 
to lower water table level (WL) increasing the volume of soil available for aerobic root 
respiration, and consequently, plant productivity and economic returns. Drainage and 
oxygenation also increases decomposition of soil organic matter and changes the 
physical structure of peat, causing peat subsidence (Minkkinen and Laine 1998, 
Shotbolt et al. 1998, IPCC 2014, Williamson et al. 2017). Although the effects of 
drainage of peatlands for forestry have been widely studied, the findings on the soil 
carbon (C) balance are not consistent (Krüger et al. 2016). Some studies reported that 
the soil C sink function of afforested peatlands may still be recovered some years after 
drainage (Minkkinen et al. 1999, Hargreaves et al. 2003, Byrne and Farrell 2005, Lohila 
et al. 2011, Ojanen et al. 2013). By contrast, other studies found that after drainage, 
high carbon dioxide (CO2) emissions from oxidation of peat cannot be compensated by 
the C increase in belowground and aboveground biomass, thereby becoming C sources 
(Silvola et al. 1996, Hirano et al. 2007, Bradshaw and Warkentin 2015). 
Whether peatland forests are C sinks or sources remain uncertain and therefore, 
accurate modelling of the impact of changes in land-use and climate on soil CO2 
emissions is necessary to inform and support land-use policies (UNFCCC 1997, Smith 
et al. 2014).  Soil respiration can be measured as the sum of CO2 emissions from 
heterotrophic respiration, RH (microbial decomposition of soil organic matter), and from 
autotrophic respiration, RA (root respiration and root-stimulated rizhospheric 
respiration) (Hanson et al. 2000, Subke et al. 2006). Although the production of soil 
CO2 in afforested peatland is mainly driven by soil temperature (T) and WL (Mäkiranta 
et al. 2009, Ojanen et al. 2010) there are other factors influencing soil respiration rates. 
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Peat quality, ash content, litter fall, bulk density (BD), pH, C/N ratio, soil moisture, and 
thickness of the peat layer also affect soil CO2 effluxes (Melling et al. 2005, Mäkiranta 
et al. 2009, Ye et al. 2012, Renou-Wilson et al. 2014, Oertel et al. 2016). Eddy 
covariance (Hargreaves et al. 2003, Lohila et al. 2011) and C/ash methods (which are 
based on changes in BD, the C content and ash content in peat profiles) (Leifeld et al. 
2011, Krüger et al. 2016, Laiho and Pearson 2016) and methods that used repeated soil 
sampling and subsidence measurements (Minkkinen and Laine 1998, Ewing and 
Vepraskas 2006, Simola et al. 2012) have been used to quantify soil C losses in 
peatlands. However, the most common approach has been to use empirical modelling 
based on nonlinear regression of soil CO2 and soil T (Byrne and Farrell 2005, 
Minkkinen et al. 2007, Mäkiranta et al. 2008, Ojanen et al. 2010) and in some cases 
with the incorporation of WL (Mäkiranta et al. 2009). Although these empirical models 
can provide reliable annual soil CO2 estimates, they exclude important physiological 
properties and environmental variables that also affect soil respiration. Moreover, site-
specific models should be used cautiously when they are extrapolated to different sites 
or regions as they may be biased (Stoddard et al. 1998). Therefore, other modelling 
approaches able to fully describe the physical and biological behaviour of soil CO2, like 
Tier 3 methods, are recommended (Penman et al. 2003). 
Process-based models can explicitly incorporate the biological and physical 
framework regulating ecosystem behaviours (Korzukhin et al. 1996) and therefore they 
are able to perform simulations of ecosystem responses to changing future conditions 
(Williams and Jackson 2007). Moreover, process-based models are more 
comprehensive than empirical models, allowing robust upscaling to regional and 
national levels while reducing the uncertainties associated with soil and climate changes 
(Giltrap et al. 2010, Smith et al. 2010b, Adams et al. 2013, Khalil et al. 2016). 
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However, these mechanistic approaches usually increase the model complexity and 
structure as they require more parameters, greater data input, and larger datasets 
(Korzukhin et al. 1996, Adams et al. 2013). Furthermore, developing more complex 
models is not always better (Green et al. 2005).  
With the ambition to simulate C and nitrogen cycling and greenhouse fluxes in 
organic soils using minimal input data, the Estimation of Carbon in Organic Soils—
Sequestration and Emissions (ECOSSE) model was developed (Smith et al. 2010a, 
2010b). This process-based model only requires commonly available data (e.g. air 
temperature, precipitation, soil C stocks) (Smith et al. 2010a, 2010b, Bell et al. 2012, 
Dondini et al. 2016b). Land-use change effects on soil C stocks and soil CO2 emissions 
using ECOSSE have already been tested and validated temporally and spatially over a 
range of soils and ecosystems (Smith et al. 2010b, Abdalla et al. 2014, Dondini et al. 
2015, Dondini et al. 2016a, Dondini et al. 2016b, Khalil et al. 2016). However, the 
ECOSSE model has not previously been used or validated for afforested peatland. The 
objectives of this study were to i) simulate monthly soil CO2 emissions from seven 
afforested peatland sites in Northwest Europe conditions, ii) evaluate the suitability of 
the ECOSSE model to simulate soil CO2 by comparing ECOSSE-simulated outputs 
with site-specific and pooled-model values, iii) conduct a sensitivity analysis to predict 
the effect of changing climate conditions on annual RH emissions and, iv) asses the 
ability of the model to simulate such changes. 
6.3. Material and Methods 
6.3.1. Study sites 
A chronosequence of six Sitka spruce (Picea sitchensis (Bong.) Carr.) plantations aged 
23-44 years, and one lodgepole pine (Pinus contorta Dougl.) site aged 23 years, located 
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in southern Ireland were investigated. The soil type for all sites was a poorly drained 
Histosol with peat depths of 0.6–1.5 m. The climate is temperate maritime, with mean 
annual air temperature of 10°C and mean annual precipitation of 1,350 mm, at Mount 
Russell climatological station ( ̴ 35 km east of the study sites and at 195 m.a.s.l.). All 
sites had closed canopy and the older stands were mature and ready for harvesting. Soil 
preparation prior to afforestation was single or double mouldboard ploughing, or 
mounding. It also included the digging of shallow and deeper drains (at the wetter sites). 
For a more detailed description of the study sites see Chapter 4 (section 4.3.1 and Table 
4.1) and Chapter 5 (section 5.3.1). 
6.3.2. Experimental design and measurement of RH 
At each site, seven 32 cm long PVC cylindrical collars (inner diameter of 15.4 cm) were 
permanently inserted 30 cm vertically into the peat, during January and February 2014. 
Prior to the collar insertion, roots were pre-cut with a pruning saw to a depth of 15 cm. 
Deeper roots were cut during collar insertion; equivalent to a trenching effect. Newly 
deposited litter was left intact inside the trenching collars and aluminium nets (1.0 mm 
mesh size) were used to prevent accumulation of fresh litter. Heterotrophic respiration 
was measured weekly or fortnightly from June 2014 until mid-February 2016 using a 
portable infrared gas analyser attached (EGM-4 and modified SRC-1; PP Systems Ltd., 
UK). Simultaneously with RH measurements, soil temperature at 10 cm depth (T10) and 
water table level (WL) were measured adjacent to each collar. Within each site, daily 
measured RH, T10 and WL were calculated as the mean of the seven subsites (chapter 5, 
section 5.3.2). In addition, soil T10 in each site was logged every 10 minutes and then 
averaged for hourly and daily values. 
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Thereafter, site-specific empirical models (as described in chapter 5, section 
5.3.6) describing the dependency of RH on T10 (hourly values recorded with the data 
logger) were developed to reconstructed daily RH effluxes at each site. A general model 
for the entire dataset was also developed using pooled data from all sites as described in 
chapter 5 as well. Daily RH values simulated with the site-specific models were then 
summed to give monthly RH values. In addition, the general model was also used to 
simulate daily and monthly values for each site. In this case, site-specific data was used 
as an independent dataset to validate the model for the entire dataset. 
Daily evapotranspiration was obtained from Gurteen climatological station. Bulk 
density, soil C stocks and pH for each site and for every 10 cm soil depth interval within 
each site were measured (according to methods described in chapter 5, section 5.3.5.). 
6.3.3. Structure of the ECOSSE model and input data 
Depending on the input data, ECOSSE can be run as a full or as a limited version. The 
limited version requires less variable inputs and simulates monthly RH values. On the 
other hand, the site specific version requires more input data and simulates daily RH 
values. The full version of the ECOSSE model was not available at the time of this 
study, and therefore, the version 6.1.a.1 of the limited ECOSSE model was used to 
simulate RH. ECOSSE divides the soil organic matter into five different pools (i.e. inert 
organic matter, humus, biomass, resistant plant material and decomposable plant 
material), with decomposition-rate constants varying from 0 (inert organic matter) to 10 
y-1 (decomposable plant material). Soil C is exchanged between pools during soil 
organic matter decomposition processes. The input variables (temperature, water 
content, plant cover, soil pH and BD) modify the decomposition rate of soil organic 
matter within each pool.  
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Decomposition processes simulated by ECOSSE at soil water contents drier than 
field capacity (at which drainage is complete) are based on the SUNDIAL model (Smith 
and Bradbury 1994). However, above (moister than) field capacity, ECOSSE simulates 
a linear reduction in soil respiration until saturation. At saturation, decomposition of soil 
organic matter is 20% of the maximum respiration rate, which occurs at field capacity. 
If organic matter inputs are not introduced manually, ECOSSE estimates them by a 
modification of the Miami Dyce model, which relates the net primary production to 
annual mean temperature and total precipitation and thereafter calculates litter inputs. 
No modifications in the model code were conducted. For a more comprehensive 
description of the ECOSSE model see Smith et al. (2010a), Bell et al. (2012) and 
Dondini et al. (2017). The minimum input requirements of the limited version of the 
ECOSSE model are:  
 Long-term average (30-year average if possible) monthly rainfall (mm), air 
temperature (°C) and potential evapotranspiration (mm), 
 Climate input files for each year of simulations with monthly rainfall, air 
temperature and potential evapotranspiration (including four years before the 
beginning of the RH measurements),  
 Number of soil layers and depth of each one, 
 Soil C stocks (SCS) (kg CO2-C ha-1) for each soil layer, 
 Bulk density (g cm-3) for each soil layer, 
 Soil pH for each soil layer, 
 Number of growing seasons to simulate, 
 Water table depth at start of measurements (cm), 
 Latitude (°). 
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6.3.4. Sensitivity analysis 
The effects of changes in climate and soil physical properties on the annual soil CO2 
efflux were assessed for each site through a sensitivity analysis. Following Abdalla et 
al. (2014), input variables were modified one at a time while keeping constant all the 
other parameters. Monthly mean temperature was altered by ±5°C 
(increasing/decreasing 1°C in each simulation). Monthly precipitation was modified by 
±40% (with 10% increments at a time). Soil C stocks and pH were also modified from –
40 to +40% (with 10% variations) and WL was lowered up to 40 cm and also increased 
up to 20 cm, both using 10 cm depth increments. Each variation on the input variables 
was performed independently, without combing variations, for a total of 448 
simulations. 
6.3.5. Model validation and statistics 
ECOSSE model outputs consisted of simulations of monthly RH values. The statistical 
performance of ECOSSE was first evaluated by visual inspection of the residual 
analysis of site-specific calculated monthly RH versus ECOSSE modelled monthly RH 
values (Figure 6.3). Thereafter, following Smith et al. (1997) and Abdalla et al. (2014) 
different statistics were calculated. The random error between modelled and observed 
RH values was determined as the root mean square error (in kg CO2-C ha-1 month-1, 
RMSE) (Eq. 6.1). Furthermore, the difference between predictions and measurements 
was calculated by assessing the relative error (unitless, RE) (Eq. 6.2). Also the model 
efficiency (unitless, MEF) was calculated as in Eq. 6.3. 
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Pi is the modelled monthly RH CO2 effluxes, Oi is the measured monthly RH effluxes, 
Omean is the mean of the measured monthly RH values and n is the total number of 
observation, all in kg CO2-C ha-1 month-1. The MEF statistic gives the relative 
performance of the model, where negative values indicate poor performance, 1 indicates 
an “almost perfect” fit and 0 means that the model is not better than using the mean of 
the measured RH values. All raw data were processed with EXCEL 2010; statistical 
analyses were performed using SPSS 22.0 (IBM Corp., Armonk, NY, USA) and all 
regression analyses and graphs were conducted using SigmaPlot 12.0 (Systat Software 
Inc. USA). All the statistical tests were realized at the P = 0.05 significance level. 
6.4. Results 
6.4.1. Monthly RH emissions 
Mean air (2010–2016) and soil T10 (2014–2016) were 9.8 and 8.7°C respectively. Soil 
T10 was not significantly different between sites. Both air and soil T10 presented the 
same seasonal variation, increasing towards the summer months and decreasing 
gradually into the winter months. Rainfall occurred in every month and it presented a 
small seasonal trend. As typical of maritime temperate climate, winter months were 
wetter than summer months. Mean rainfall for the period 2010–2016 was 1,500 mm. 
Water table level had a temporal variation related to precipitation. See section 4.3.1 for 
more detailed information. 
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Mean daily RH was simulated using the site-specific empirical models provided 
in Table 5.6. Monthly RH emissions were estimated as the sum of all daily values within 
each month. Monthly site-specific RH across all sites varied from 102 to 992 kg CO2-C 
ha-1 month-1. Mean monthly site-specific RH (calculated with the empirical model) 
ranged 296–467 kg CO2-C ha-1 month-1 (Table 6.1). On the other hand, mean monthly 
RH estimated with the empirical model for the pooled dataset varied between 150–880 
kg CO2-C ha-1 month-1. ECOSSE monthly simulations varied 206–281 kg CO2-C ha-1 
month-1 (Table 6.1). 
Table 6.1 Mean monthly heterotrophic respiration (RH) simulated with the site-specific 
empirical model, the empirical model for the entire dataset (general model) and the 
process-based ECOSSE model for the study sites during the study period (2014–2016). 
Statistics include root mean square error (RMSE), model efficiency (MEF) and relative 
error (RE). 
Site 
Mean monthly RH (kg CO2-C ha-1 month-1) RSME* MEF RE n 
Site-specific Entire dataset ECOSSE 
SS24 444 413 278 196 0.38 –0.25 36 
SS27 467 397 255 229 0.23 –0.45 18 
SS28 430 404 260 180 –0.08 –0.29 30 
SS39 463 411 206 267 –0.79 –0.48 18 
SS43 296 401 278 72 0.62 –0.11 36 
SS44 345 359 280 89 0.68 –0.19 36 
LP23 368 414 281 113 0.75 –0.17 36 
All sites 390 400 268 162 0.43 –0.22 210 
n: is the number of months; * units of the RMSE are kg CO2-C ha-1 month-1. 
Throughout the study period, annual site-specific RH (calculated with the site-
specific empirical model) ranged between 3,374–6,021 kg CO2-C ha-1 y-1. Annual site-
specific RH (calculated with the empirical model for the entire dataset) ranged from 
3,996 to 5,404 kg CO2-C ha-1 y-1. Mean annual RH for the site-specific empirical 
modelling and for the model for the entire dataset varied 3,549–6,220 and 4,311–5,405 
kg CO2-C ha-1 y-1 respectively. Mean annual ECOSSE RH emissions varied between 
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2,861 and 3,610 kg CO2-C ha-1 y-1 (Table 6.2). The relative deviation between the 
annual ECOSSE simulated RH and the annual site-specific RH varied between –52 and –
6% among sites. 
Table 6.2 Mean annual heterotrophic respiration (RH) simulated with the site-specific 
empirical model, the empirical model for the entire dataset (general model) and the 
process-based ECOSSE model for the study sites during 2014–2016. 
Site 
Mean annual RH (kg CO2-C ha-1 y-1) n 
Site-specific Entire dataset ECOSSE 
SS24 5,330 4,961 3,336 3 
SS27 6,220 5,256 3,610 1 
SS28 5,380 5,072 3,382 2 
SS39 6,021 5,405 2,861 1 
SS43 3,549 4,806 3,332 3 
SS44 4,139 4,311 3,361 3 
LP23 4,413 4,969 3,373 3 
n: is the number of years of simulations. 
In all sites, calculated monthly RH followed a distinctive seasonal pattern (Figure 6.1) 
and was closely related to the trend in air temperature (Figure 4.2a). Minimum and 
maximum monthly RH were observed during the winter and summer months 
respectively. Heavy and persistent rainfall events produced sudden rises in WL (Figure 
4.2c) and thus decreasing the RH effluxes. Heterotrophic respiration values simulated by 
ECOSSE are compared with monthly site-specific RH effluxes in Figure 6.1. Across 
sites, ECOSSE underestimated mean monthly RH by 15–62% (Table 6.1). In sites SS43, 
S44 and LP23 ECOSSE overestimated some of the monthly RH emissions assessed by the 
site-specific empirical model (Figure 6.1). This underestimation/overestimation was 
also observed in the residual analysis (Figure 6.2). Nevertheless, ECOSSE was able to 
simulate the monthly RH trend in all sites, with peak emissions during the summer 
months and then decreasing towards the winter months. The MEF varied between –0.79 
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and 0.75 and the RE ranged from –0.48 to –0.11 (Table 6.1). The RMSE varied between 
72–267 kg CO2-C ha-1 month-1. 
 
Figure 6.1 Comparisons of monthly heterotrophic respiration (RH) simulated with the 
empirical model for the entire dataset (general model, filled diagonal stripes bars), site-
specific empirical model (grey bars) and process-based ECOSSE model (black bars) 
throughout the study period. Notice that SS27 and SS39 were clearfelled in the summer 








Figure 6.2 Residual analysis showing the relationship between monthly ECOSSE-
simulated and monthly site-specific heterotrophic respiration (RH) at the study sites. 
Correlation coefficients (r), model efficiency (MEF) and mean bias are presented. Solid 




6.4.2. Sensitivity analysis 
The ECOSSE response to changes in the input variables was the same at all sites 
(Figure 6.3). The sensitivity analysis revealed almost no changes with 
increasing/decreasing pH, SCS and BD. Lowering WL (drier conditions) led to slightly 
lower annual RH values. Lowering WL 50 cm decreased on average annual RH by 4%. 
On the other hand, shallower WL resulted in slightly higher values (Figure 6.3 SS44). In 
some cases, a continuous increase in WL led to lower RH values (Figure 6.3 LP44). 
Simulated annual RH values consistently increased with increasing air temperature and 
decreased with decreasing air temperatures. Every 2°C increment/reduction 
increased/reduced annual RH on average by 20%.. By contrast, annual RH decreased 
with increasing precipitation and increased with lower precipitation. Increasing the 
precipitation by 60% reduced on average annual RH by 43%. A 40% reduction in 
precipitation increased on average annual RH by 12%. However, a 60% reduction in 




Figure 6.3 Sensitivity response of mean annual heterotrophic respiration to changes in 
ECOSSE inputs: water table depth (WL), soil physical/chemical properties: pH, soil 
carbon stocks (SCS), bulk density (BD); and environmental variables: rain and air 
temperature (T). Striped bar represents simulated RH at the current soil and climate 










6.5.1. ECOSSSE model evaluation 
Comparisons between ECOSSE model simulations of monthly RH and site-specific 
monthly estimated RH emissions (derived from measured RH effluxes) were conducted 
in order to evaluate the ECOSSE model performance in afforested peatland ecosystems. 
Although the ECOSSE model was able to simulate accurately the temporal variation of 
RH it consistently underestimated monthly RH effluxes across all sites. Previous research 
also reported the ability of the ECOSSE model to simulate the RH seasonal trend across 
different land uses and ecosystems (peatlands, arable land and short rotation forestry) 
(Abdalla et al. 2014, Dondini et al. 2017). The same studies also reported an 
underestimation of ECOSSE-simulated RH effluxes. On average, ECOSSE 
underestimated annual RH emissions by 31% (ranging between 6–52%) (compared to 
the site-specific simulations,). Dondini et al. (2017) also found that the ECOSSE model 
underestimated annual RH emissions by 54% (short rotation coppice of poplar), 56% 
(arable land) and 23% (short rotation coppice of willow), compared to direct RH 
measurements. Abdalla et al. (2014) reported both, underestimation and overestimation 
(from –38 to 38%) of annual RH simulated by ECOSSE in different peatland sites across 
Europe. 
Heterotrophic respiration simulated by ECOSSE represents the emissions 
generated within the specific depths used as inputs (from the soil surface to 80 cm depth 
in all sites except in SS39 that was until 60 cm depth) to the model simulations and 
excludes soil C from deeper layers (Smith et al. 2010a, Dondini et al. 2017). Dondini et 
al. (2017) suggests that excluding soil C from deeper layers to the model input may be 
the reason for the ECOSSE-simulated RH underestimation. In this study, the greatest 
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underestimation was found at SS39 which had a maximum depth input of 70 cm 
(compared to the maximum soil depth of 90 cm at all the other sites). However, SS39 
had the greatest SCS (mostly associated with to higher BD values across all soil depth 
intervals) and therefore our results would not support Dondini et al. (2017) suggestion. 
By contrast, other studies have found that soil respiration decreases with soil depth and 
that approximately 90% of this efflux originates within the top 30 cm of soil (Goffin et 
al. 2014, Wiaux et al. 2015). In addition, the high WL measured at the study sites 
throughout the study period (Table 5.2) would limit the oxidation of peat, and therefore 
the production of soil CO2, to the thickness of the oxic peat layer above WL only (Silins 
and Rothwell 1999, Tuittila et al. 2004). 
A possible explanation for the underestimation of RH emissions simulated by 
ECOSSE may be attributed to the difficulty to accurately simulate soil water content in 
soils. Monthly ECOSSE-simulations across all sites were consistently lower in all 
months with high precipitation and low potential evapotranspiration, which 
corresponded with the winter months (Figures 6.1&6.2). Monthly accumulated 
precipitation in February 2014 and December 2015 exceeded 340 mm in each month. 
Moreover, monthly RH simulated by ECOSSE (mean of seven and five sites 
respectively) during these months was underestimated by approximately 82% compared 
to site-specific RH simulations. The high precipitation that occurred at the study sites 
resulted in minimum WL values ranging from 11 to 25 cm below the ground surface 
(Table 5.2). Nevertheless, although the limited thickness of the aerated peat layer 
decreased the oxidation of soil organic matter, the production of CO2 did not completely 
stop. Despite this, the ECOSSE model assumed that the soil was completely saturated 
and simulated extremely low momentary effluxes during these two months across all 
sites (e.g. 0.004–0.008 g CO2-C m-2 h-1) and thus the low simulated monthly RH 
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effluxes. A similar underestimation was found by Khalil et al. (2016) with the use of a 
similar process-based model (e.g. DeNitrification-DeComposition model; DNDC) while 
estimating ecosystem respiration in an arable site in Ireland. By contrast, in the months 
with higher temperatures and potential evapotranspiration, ECOSSE assumed that the 
soil dried excessively and the soil water deficit simulated by the model limited the 
microbial activity and hence the production of soil CO2. 
Soil organic matter decomposition is mainly regulated by soil temperature and 
soil water availability, since it regulates the oxygen diffusion, (Byrne and Kiely 2006, 
Saiz et al. 2006b, Mäkiranta et al. 2009). However, the effect of soil water availability 
on soil respiration is usually dependent on soil temperature (Tuittila et al. 2004, 
Mäkiranta et al. 2009) and therefore their individual effects on soil respiration may be 
confounded (Khalil et al. 2016). Due to the importance of temperature and soil water 
availability on the production and transport of CO2, these model parameters should be 
adjusted and calibrated (if simulated values do not represent the reality) so simulated 
values match the measured ones (Del Grosso et al. 2011, Necpálová et al. 2015). 
Although manual calibrations in process-based models are common (Wallach et al. 
2013, Necpálová et al. 2015) this adjustments should be done cautiously as arbitrary 
changes may involve high uncertainty in the input and simulated variables. Therefore, 
another method more objectively based on statistical and mathematical approaches like 
inverse modelling is recommended (Lilly 1999, Soetaert and Petzoldt 2010, Wallach et 
al. 2013). ECOSSE assumes that the production of soil CO2 is greatest when the soil is 
at field capacity. In drier conditions than field capacity, decomposition may decrease 
due to water limitation. For wetter conditions, the decomposition rate decreases linearly 
until saturation, when the model simulates a decomposition rate of 20% of that at field 
capacity (Bell et al. 2012). Therefore, it is likely that a calibration of the water package 
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used by ECOSSE would reduce the relative deviation between the site-specific and the 
ECOSSE-simulated RH effluxes found across all the study sites. This would be 
supported by Weihermüller et al. (2009) who reported a good agreement between 
measured CO2 effluxes and simulated values by the SOILCO2-RothC model by 
calibrating the water reduction control parameters and the resistant plant material 
constant rate. 
Root mean square errors, indicating the total model error, were similar to those 
reported by previous studies (Abdalla et al. 2014, Khalil et al. 2016, Dondini et al. 
2017). In addition, the MEF was positive at five sites, while negative at SS28 and SS39. 
These results confirmed that the ECOSSE model simulated reasonably well monthly RH 
emissions. Based on the statistical analysis performed, it can be concluded that the 
model should be modified and calibrated so ECOSSE can explain and simulate 
accurately the decomposition processes occurring in afforested peatland systems. 
6.5.2. ECOSSE model sensitivity 
Relative changes of the model input variables resulted in similar responses of the 
ECOSSE model to simulated RH values at all sites (Figures 6.4&6.5). Although RH is 
sensitive to changes in soil physical/chemical properties like pH, BD and SCS (Abdalla 
et al. 2014) the sensitivity analysis performed with the limited version of the ECOSSE 
model was not able to simulate these changes noticeably across the study sites. By 
contrast, the model response to changes in temperature revealed that RH 
increased/decreased linearly with increasing/decreasing temperatures. Moreover, RH 
simulations were sensitive to changes in precipitation. At first, a decrease in 
precipitation showed an increase in RH effluxes. However, further reductions in 
precipitation led to a reduction in RH emissions. A visual inspection of Figures 6.4&6.5 
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revealed that a 30% reduction in precipitation would result in maximum soil organic 
decomposition. Similar responses to changes in precipitation and temperature variables 
were found by Bell et al. (2012) and Abdalla et al. (2014) when using ECOSSE to 
simulate N2O (at three cropland sites) and CO2 (at six peatland sites) effluxes, 
respectively. 
Some of the changes conducted in the sensitivity analysis are extreme scenarios 
(e.g. 6°C decrease or 40% increment in BD). Nevertheless, the one-at-a-time approach 
was a useful to test how ECOSSE responds to changes in environmental and soil 
physical changes. This will help to assess which changes will need to done in the model 
in order to improve its capacity to represent complex decomposition processes in 
organic soils with the use of limited and simple variables. This will also help to 
understand and to study confounding effects between the inputs variables and simulate 
greenhouse gases emissions under different climate change scenarios and different land 
use practices (Bell et al. 2012). 
6.5.3. Pitfalls and assumptions 
Uncertainty in the ECOSSE simulations depends on the uncertainties of the input 
variables (Smith et al. 2010a). In this study, seven year averages of monthly 
precipitation, potential evapotranspiration and temperature were used instead of the 30 
years average usually preferred to initialize the model to an equilibrium steady state 
(Bell et al. 2012, Dondini et al. 2017). Moreover, plant inputs were estimated by 
ECOSSE by using a modification of the Miami Dyce model what could be a source of 
error (Smith et al. 2010b). Previous studies have modified the NPP simulated by the 
Miami Dyce model to account for other environmental factors (e.g. nitrogen inputs) 
(Dondini et al. 2016a, Dondini et al. 2017). Despite the underestimation observed in the 
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ECOSSE simulated values it is possible that root decay inside the trenching plots could 
have overestimated measured values and therefore annual site-specific RH effluxes 
(Dondini et al. 2017). Root decomposition after trenching may lead to an 
overestimation of RH (Díaz-Pinés et al. 2010). In this study, RH measurements started 
between four and five months after trenching and, although RH effluxes may be slightly 
overestimated, it is assumed that the influence of decaying roots to RH was not 
significant (Lee et al. 2003, Mäkiranta et al. 2008, Ojanen et al. 2010). In addition, 
manual RH measurements conducted only during daytime may have led to an 
overestimation of RH effluxes (Davidson et al. 2002, Heinemeyer et al. 2011). 
Nevertheless, Davidson et al. (2000) found that the diel variation in soil respiration was 
not significant in a shaded primary forest in eastern Amazonia. Moreover, Davidson et 
al. (2002) concluded that to avoid confounding the diel effect with differences among 
sites the order on which the study sites are measured should be randomized. In this 
study, daily RH measurements in the study sites were conducted randomly across the 
daytime and across the study period. Moreover, the high tree density combined with the 
low solar radiation received in the study sites made the diel variation in soil temperature 
very small (<1°C). 
6.6. Conclusion 
Seasonal variation of RH was successfully simulated at seven afforested peatland sites 
with the limited version of the ECOSSE model. With limited input data, the model was 
capable of simulating monthly RH emissions. Although the correlation between site-
specific and ECOSSE-simulated values was strong in all sites, ECOSSE underestimated 
annual RH emissions across all sites. This underestimation was greatest during the 
wettest and the driest months. A greater understanding of the processes affecting the 
soil water movement in peatland forests is needed in order to improve the model 
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performance. Further calibrations of ECOSSE are needed so the model can explain and 
simulate accurately all the processes occurring in afforested peatland systems. The use 
of processed-based models offer significant advantages over empirical models when 
upscaling to regional or national level. Moreover, the capacity of ECOSSE to perform 
well under changing climate variables indicates that the model could be used to simulate 
different land-use and mitigation scenarios. With some further adjustments, ECOSSE 
could become a useful model to simulate and predict future soil CO2 emissions. 
Nonetheless, further and more frequent measurements, including other greenhouse 
gasses, are required to improve the model ability to accurately predict these fluxes. 
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7.1. General discussion and synthesis 
In organic soils, SOC stock changes are reported using CO2-C EFs (IPCC 2003). The 
development of CO2-C EFs for afforested peatland associated with drainage are based 
on EFs representing the annual loss of organic C (IPCC 2006, 2014). Therefore, litter 
inputs (from aboveground and belowground biomass) should be subtracted from RH 
emissions. respiratory fluxes from RA and RL should be excluded. Autotrophic 
respiration is linked to the utilization of C supplies from aboveground plant organs 
synthetized through photosynthesis and do not represent a soil C loss (Horwath et al. 
1994). Countries that assess the litter C pool separately should use the default EFs 
cautiously as these values include RL and therefore, the change in the litter C pool 
should not be double-calculated in the national inventories (IPCC 2006). Nevertheless, 
the currently used RP emission value for afforested peatland in the Ireland’s GHG 
National Inventory Report is 0.59 t CO2-C ha-1 y-1 (Duffy et al. 2015). In addition, the 
same authors use a decomposition factor of 0.14 for both, new litter input and the 
existing litter pool; derived from Irish research (Saiz et al. 2007, Black et al. 2009). 
Peat soils are characterized by containing peat over a depth of at least 45 cm on 
undrained land and 30 cm deep on drained land (Parish et al. 2008, Renou-Wilson et al. 
2011). Ireland contains approximately 1.5 million ha or around 20.6% of total land area 
of peatlands and organic soils (Connolly and Holden 2009). In addition, nearly 60% of 
the total forested area in Ireland is on organic soils (Duffy et al. 2015). To date, no work 
has been conducted in temperate conditions to partition soil respiration into its 
component fluxes and to assess CO2-C EFs and RP emissions from afforested peatland 
in Ireland. Therefore, there was a need to investigate and to develop nationally-specific 
soil C EFs and RP emissions for this land-use change. This is the first study partitioning 
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soil respiration on afforested peatland in Ireland and one of the few studies conducted in 
temperate climates conditions. 
First of all, this study has provided clear evidence that the use of shallow collars 
may lead to an underestimation of measured RTOT and estimated RA values in 
ecosystems with shallow root systems such as peatland forests. Furthermore, collar 
insertion depths of 5 cm may irreversibly decrease the RA component in these 
ecosystems. In addition, using an empirical approach and published data by Pumpanen 
et al. (2004), this study has also proved that soil respiration reductions due to shallow 
collar insertions may be greater than the possible CO2 leakage from lateral diffusion of 
soil gas as a result of not using collars. Using nonlinear equations, it was estimated that 
a shallow insertion of 1.5 cm would have reduced this efflux by 34 and 21% in a Sitka 
spruce and lodgepole pine plantations respectively. These underestimations are much 
greater than the assumed 6% underestimation found by Pumpanen et al. (2004) due to 
leakage when using a similar soil respiration chamber and infrared gas analyser. 
Therefore, the common assumption that shallow collar insertions are needed to avoid 
soil lateral gas leakage should be reconsidered. Although it was not tried in this 
experiment, according to Heinemeyer et al. (2011) it is recommended to permanently 
anchor the surface collars in place and to minimize any possible soil lateral gas 
leakages. 
Despite this, it is recommend that reliable information about the root system for 
a specific study site should be gathered prior to choosing a suitable collar insertion 
depth as the selected depth should prevent any lateral soil gas leakage but at the same 
time, it should avoid severing the root system and fungal hyphae. Moreover, these 
findings also suggest that previously reported values of RTOT and RA from experimental 
setups where shallow collars were used may have been underestimated. Even taking the 
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maximum precautions it is possible that shallow collar insertions may nevertheless have 
damaged shallow fungal hyphae and fine roots. Therefore, these values should thereby 
be interpreted carefully and revised accordingly. 
Secondly, soil respiration and its component fluxes were investigated across two 
years. Soil respiration (and its component fluxes) followed a clear seasonal trend and it 
was regulated by the temporal variation of soil T10. This observed strong correlation 
was also reported in numerous former studies (Buchmann 2000, Byrne and Kiely 2006, 
Saiz et al. 2006b, Mäkiranta et al. 2009). As a consequence of the mild temperatures 
occurred in Ireland, all the component fluxes were active throughout the year. Although 
the effect of WL on soil respiration was weaker, it had a significant effect on it. As 
reported by Tuittila et al. (2004) and Mäkiranta et al. (2008) there was an optimum WL 
at which soil CO2 emissions were maximum. This was represented by the Gaussian 
function of the WL component in the multiple nonlinear regression analyses. Although 
the empirical models developed for the entire dataset may be used to simulate soil 
respiration at the regional and national level with the only input-requirement of soil 
temperature (and WL if it is available) they should be used cautiously when they are 
extrapolated to different sites and conditions as they may be biased (Stoddard et al. 
1998). 
The spatial variation of soil respiration was also explained by the ash content, 
BD and yield class. However, the empirical models developed exclude this important 
physical and some environmental variables that also affect soil respiration. Therefore, 
other modelling approaches able to fully describe the physical and biological behaviour 
of soil CO2, like Tier 3 methods, are recommended (Penman et al. 2003). Multivariate 
analysis or processed based models able to incorporate environmental variables and 
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other biological and physical properties are recommended to simulate soil respiration at 
a national scale. 
This study provides first estimates of soil respiration partitioning in afforested 
peatland in Ireland. Simulated annual RA varied between 1,100–2,049 g CO2 m-2 y-1. 
Simulated annual RP and RL ranged between 774–1,492 and 514–1,013 g CO2 m-2 y-1, 
respectively. Autotrophic respiration represented on average 44% of RTOT. On the other 
hand, the proportion of RP and RL to RTOT were 35 and 21%, respectively. These 
contributions are in good agreement with previously reported value for other 
ecosystems (Subke et al. 2006). This contrast with the C balance in natural peatlands in 
the UK which are a CO2 sinks and accumulate 92–257 g CO2 m-2 y-1 (Immirzi et al. 
1992, Hargreaves et al. 2003). 
In this experiment, trenching collars of 30 cm depth were used to terminate the 
RA component. As demonstrated in Chapter 3 this depth was able to cut over 99% of 
total fine root length and over 96% of total fine root biomass. These results support the 
hypothesis that trenching collars of 30 cm depth were able to terminate completely RA 
emissions. Nevertheless, it is acknowledged that a possible underestimation of RTOT 
may have occurred during soil respiration measurements due soil lateral gas leakage 
under the soil respiration chamber’s walls. 
This soil respiration partitioning study will allow for the development of 
country-specific CO2-C EF derived from RH and litter inputs for afforested peatlands in 
temperate regions. Moreover, the addition of data from new eight sites into the IPCC 
Tier 1 values (which are coincidentally derived from eight sites only) will significantly 
increase the global dataset, strengthening the validity of Tier 1 default values and its 
applicability in temperate regions. Peat emissions factors calculated between the model 
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for the entire dataset (Table 3, Eq. for the entire dataset) and the site-specific models 
were very similar. Therefore, the accuracy of this empirical nonlinear equation was 
cross-validated. Although the equation for the entire dataset does not provide the detail 
of the site-specific models, it is nevertheless able to simulate the temporal and the 
spatial variation of RP in afforested peatland. This supports the conclusions that the 
equations developed for the entire dataset for RTOT and the other soil respiration 
components can be used (with caution) to simulate soil respiration and its component 
fluxes in other similar regions or at a national level. 
Finally, the process-based simulations showed that the ECOSSE model is able to 
simulate the seasonal variation of RH in afforested peatland sites. With limited input 
data, the model was capable of simulating monthly RH emissions. ECOSSE-simulated 
RH emissions were compared with site-specific RH emissions values. The relative 
deviation between the annual ECOSSE-simulated RH and the annual site-specific RH 
varied between –52 and –6% among sites. This negative bias was greatest during the 
wettest and the driest months. Peat soils contain pores that are open and connected, 
dead-ended or isolated. This complex porosity of peat soils affects water flow and the 
reactive transport processes and biogeochemical functions (Rezanezhad et al. 2016). 
Therefore, a better understanding of the processes affecting the soil water movement in 
peatland forests is needed in order to improve the model performance. 
The use of processed-based models offers significant advantages over empirical 
models when upscaling to regional or national level. Moreover, the sensitivity analysis 
performed revealed that ECOSSE can be used to simulate responses to land-use change 
and future climate conditions and mitigation scenarios. Nonetheless, further and more 
frequent measurements, including other greenhouse gasses, are required to improve the 
model ability to accurately predict these fluxes. With some further calibrations and 
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adjustments, ECOSSE could become a useful model to simulate and predict future soil 
CO2 emissions. 
This investigation has provided estimations of soil CO2 fluxes from multiple 
afforested peatland across two years. This comprehensive study has proposed a novel 
methodology for measuring RTOT without damaging the most shallow roots and fungal 
hyphae. Moreover, soil CO2-C RP emissions reported in here can be used to refine 
current Tier 1 default values for drained organic soils in temperate afforested peatland. 
Furthermore, the country-specific RP values from this study will allow Ireland to 
progress towards Tier 2 and Tier 3 methodologies reporting systems under the Good 
practice guidance for land use, land-use change and forestry of the IPCC guidelines. 
7.2. Recommendations for further research 
The research conducted in this PhD has raised some issues and questions that I would 
like to recommend for further investigations and studies. 
This study has focussed only on soil CO2 emissions from afforested peatlands. 
However, it is well known that these ecosystems emit other GHGs. Therefore, I 
recommend that future research should investigate CH4 and N2O emissions with special 
attention to emissions from ditches and furrows where the production CH4 may be a 
major concern. Moreover, I suggest that a soil C balance and net ecosystem exchange 
should be conducted in the study sites. These simulations will allow the development of 
soil CO2-C EF for afforested peatland and also to assess whether peatland forests in 
Ireland and other forests in cool temperate regions are acting as C sinks or sources. 
Moreover, it will determine how many years these ecosystems will need before they can 
be considered at a steady state so the change in soil C stocks will be zero or near zero. 
In addition, the soil C loss occurred at each site since plantation (calculated by 
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multiplying the number of years since plantation by the site-specific EF) could be 
compared with soil C loss calculated with other methods like the ash/C mehtod (which 
is based on changes in BD and ash content in peat profiles). This method would require 
information from peat profiles of undisturbed blanket peats located in the same area and 
also information for the full peat profile (between 80 and 100 cm depth). Similar C loss 
results from both methods could be used to positively cross-validate the Rp emissions 
developed in this PhD thesis. Finally, the full version of the ECOSSE model should be 
tested and validated to assess whether this version performs better than the limited 
version. These processed based models should be adjusted together with the model 
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